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19. ABSTRACT (Continued)

Far field dispersion is modeled using modified area source (continucus plumes) or a
volume source (instantaneous puff).

Six specific chemicals of interest to the USAF have been considered in detail and thermo-
dynamic models for the reactions have been developed. The chemicals considered are .
(1) nitrogen tetroxide; (11) chlorine; (iii) anhydrous ammonia; (iv) phosgene, (v) hydrogen
sulphide; and (vi) sulphur dioxide.

The results of the model (such as concentration variation with distance, plume or cloud size,
height, cross wind extent, arrival time, etc.) have been compared with available large field
scale data for phosgene, chlorine, ammonia, nitrogen tetroxide, freon and liquefied natural
gas. The agreement in all cases are very good. The model constants have been f1ne3tuned
using the data from Thorney Island Series of Tasts (involving the release of 2000 m° of freon
of various densities and in different weather conditions).

The computer code developed is user friendly for data input and the results are presented
graphically on a computer screen as contours of various concentrations of interest. Wind
meander effects are also included. Typical program execution time on an IBM-AT or similar
desktop computer is between 30 seconds to 90 seconds. This model is called ADAM (Air Force
Dispersion Assessment Model).
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EXECUTIVE SUMMARY

Scientific models have been developed and described in this
report for estimating the down wind extent and the cross wind
area over which chemical vapor clouds remain hazardous. A number
of chemicals with diverse properties are considered for modeling.
Various accident caused release scenarios are postulated and
modeled. The chemical reaction, if any, of the chemical released
with ambient air or the water vapor are analyzed for three types
of chemicals. The classification of the chemicals into thrae
groups covers chemicals with a wide range of reactivity. The
vapor c¢loud or plume formation, air entrainment and the
disparsion of the cloud have been evaluated and modeled. The
results from the models are compared with available field
experimental data from five different field tests conducted with
different chemicals.

It is found that the dispersion model developed in this project
and described in this report predicts the cloud size,
concentration data and the arrival times of the clouds with
remarkable accuracy. The model uses a single set of parameter
values to predict the behavior of clouds and plumes from a
variety of chenicals and release conditions. These models are
programmed to run on a mnicrocomputaer. The output from the
dispersion models are presented graphically.

RACKGROUND

The U.S. Alr Force (USAF) handles a number of chemicals including
rocket propellants and oxidizers (such as nitrogen tetroxide).
Therefore, the USAF is interested in assessing the potential
hazards, espscially the hazards due to the dispersion of chemical
vapors released accidentally from stationary storage containers
or road transports. In addition, the USAF is called upon to
render technical and other assistance to the local communities
should accidents involving hazardous materials and chemicals
occur. The chemicals of particular interest to the USAF are the
oxidizers such as the nitrogen tetroxide (N504), the chemical
weapons related chemicals such as the Phosgene (COCl,), and other
common commercial chemicals such as ammonia (NH3), chlorine
(Clz), sulphur dioxide (S03), hydrogen sulphide (H;S), etc.

The above chemicals have different physical and chemical
properties. It has been recognized that the dispersion behavior
of the vapor clouds of these chemicals will show considerable
variety. For example, the vapor clouds formed may be more dense
than the ambient air density due to the molecular weight of the
chemical or due to the presence of liguid aerosols. The models
currently used by the Air Weather Service of the USAF (namely,
the Ocean Breeze and Dry Gulch Model) does not account for the
variations in the chemical properties. Also, the current model
does not take into account the effects of higher-than-air density
of the vapor clouds,.
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It is a with a view to enhancing the knowledge of the cloud
dispersion bshavior of some of the chemicals and to develop a
comprehensive and generic dispersion model applicable to a
variety of situations, chemicals and weather conditions that this
project was initiated by the Air Force Geophysical Laboratory at
Hanscom Air Force Base.

QRJECTIVE & SCOPE OF THE PROJECT

The principal obijegtive of the project was to develop
mathematical models describing a variety of source conditions,
and dispersion of vapor clouds (and plumes) bf chemicals under
different weather and release conditions. The second objective
was to evaluate the effects of the various physical, chemical and
thnn:cdynamic phenomena on the dispersion of several selected
chemicals.

The agg?g__gx__ngxx included tha development of appropriate
mathematical models and performance of a detailed study of the
dispersion characteristics of the following six chemicals:

1. Nitrogen tetroxide (N,04) @ 4. Chlorine (Cly)
2. Phosgene (CoCly): 5. Sulphur dioxide (803)
3. Anhydrous ammonia (NHj3) 6. Hydrogen sulphide (H;8)

The above set of chemicals represent a good sample of the
spactrum of chemicals with a variety in properties and different
storage conditions.

The Scope of Work further included the,

o analysis of the reaction between the released chemical and
air/humidity in the atmosphere.

o development of mathematicul models for characterizing
different types of sources and determining the source
strengths.

o development of dispersion models for predicting the hazard

area, down wind distance and the depth of the vapor clouds
generated by the release of the chemicals into the

atmosphere.

] comparison of the model results with available field test
data.

o compilation of a computer code for the models developed for

execution on a microcomputer.

®




EROJECT ACCOMPLISHMENTS

Source Modeling

In this project we have developed uiathematical models to describe
the quantity and the rate of release of chemical from a variety
of sources. The models are presented in such a way that the
results are directly applicable to and useful for the subsegquent
caloulations in the dispersion models.

The types of storage conditions considered include the ambient
tenperature pressurized liquid storage, gas storage and cryogenic
liquid storage. We have developed criteria for classifying the
releases into cryogenic or non cryogenic releases. These are
based on the comparison of the temperature of the liquid that
hits the ground with the ground temperature. The calculation of
the 1liquid temperature outside the tank is accomplished by
modeling the flashing process (for pressurized liquid releases).
It is seen that for chlorine and ammonia a substantial fraction
(15 to 25%) of the chemical released flashes directly into vapor.
A part of the remaining liquid may be entrained into this vapor
cloud as fine liquid droplets or aeroscl. However, in this
effort we have not been able to develop any analysis to determine
the degree of aerosol antrainment into the initial vapor cloud
formed.

The spread of a ligquid pool on the ground and its evaporation
have also been modeled, The low vapor pressure liguid pool
evaporation model, originally proposed by Ille and Springer
(1978), has been simplified and improved to provide better
estimatas of the evaporation rates. Comparison of our model
predictions with available laboratory scale test data .for the
evaporation of nitrogen tetroxide pool indicates excellent
agreement.

We have also daveloped a model to describe the entrainment
("uptake") of vapor produced by an evaporating liguid pool. This
nodel provides the strength of a two dimensional "window" source
of vapor and its physical dimensions at the down wind edge of the
liquid pool. This source description is in conformity with the
sogric characterization used in the continuous vapor dispersion
model.

In the case of a pressurized release through a relatively small
hole it is expected that the flow will be in the form of a two
phase jet containing flashed vapor and liquid aerosols. Because
of the high velocity of the jet, the down stream distance up to
which the jet effects are dominant is large. We have developed a
model to describe the characteristics of this jet (including the
air entrainment and chemical reaction 4in the Jet). The
comparison of the results from this model with the field test

data (from the Desert Tortolse series of ammnonia release tests,
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conducted by the Lawrence Livermore National Laboratory)
indicates that the model predicts the jet length, area of the jet
and the observed vapor concentration very closely.

In modeling different sources we have also taken into account the
possibility of gas venting from pressurized gas storage
containers. The models indicated in this report are basically
compressible gas flow models and provide the values for such
parameters as the mass flow rate, the density and temperature of
the gas, the dimensions of the gas plume outside the tank and the
valocity of the gas stream. '

Overal), the source models described in this report cover a wide
variety of chemical release situations and are useful in
estimating the strength, dimensions and the initial conditions ot
the vapor clouds . (or plumes) for dispersion calculations. Many
of the source models have been verified with the available field
test data and have baen suitably modified to provide reasonably
accurate predictions.

CHEMICAL REACTION MODELING

If a reactive chemical is released into the environment, there
results a reaction between the released chemical and the
entrained air. Models descoribing the final thermodynamic state
resulting from the mixing of humid air and the chemical vapor
cloud have been developed based on the assumption that the
reaction rate (or the characteristic time for reaction) is much
faster than the air mixing rate. That is, the reaction kinetics
have heen decoupled from the air entrainment and dispersion
phenomena. These models take into account the energetics of the
reaction, if any, and the heat exchange with the external
surroundings (atmosphere, ground).

The models provide the final condition of the mixture for
specified initial coundition of the chemical, the humidity and
temparature of the atmospheric air and the mass of air mixed.
The initial chemical conditions are described by the vapor
temperature, mass of liguid aerosols in the vapor cloud and the
mass of the chemical. The final conditions of the mixture of air
and the chemical vapor are described by the density, temperature
and the mass fractions of varinus species in the gaseocus and
liquid phase, if any.

The analyses performed indicate that, in general, the chemicals
can be ¢rouped into three types depending on their reactivity
with the ambient air. In the first type, termed "PASSIVE
CHEMICALS", no reaction of water vapor with the chemical occurs.
For a cloud containing liquid aerosols of this type of chemical,
the cloud temperature decreases as the dilution with air
increases until such time as all of the liquid aerosols have
evaporated. During the initial phases of mixing with air when
liquid aerosols are present in the cloud, the temperature of the




cloud can be substantially below the saturation temperature of
the chemical a2t ambient pressure. However, the density decreases
continuously as the mass of air in the mixture increases,
Chlorine, phosgene, sulphur dioxide and hydrogen sulphide belong
to this group.

The second chemical grouping is termed "WATER SOLUBLE CHEMICALS".
The chemicals belonging to this group exhibit strong solubility
in liquid water. The presence of liquid aerosols of either the
chemical or of the condensed water will lead to the dissolution
of the chemical vapor in the 1liquid phase. The heat of
dissolution and the phase equilibrium properties of the chemical-
water system will determine the distribution of the vapor and
liquid phases in the vapor cloud. Ammonia is an example of this
type of chenmical.

The third type of chemical is termed "REACTIVE CHEMICAL". The
mixing of this type of chemical with humid air results in
reactions leading to the formation of new chemical species.
Nitrogen tetroxide and silicon tetra fluoride are examples of
this type of chemical. We have considered the reaction of
nitrogen tetroxide~humid air reactions in detail. It is seen
that the N,04 dissociates into NO, and at any given time there is
an equilibrium mixture of these two species. Depending on the
partial pressure of the nitrogen oxides in the vapor cloud and
the relative humidity of the air arueous nitric acid may be
formed in the mixture.

Oour modeling effort in <this project has included the
considerations of all three of the above types of chemicals.
These thermodynamic and reaction models have been coded into a
computer program for use independently or as a part of the
dispersion analysis. The results from these models indicate the
following features of the air and chemical mixing process.

o} The presernce of liquid aerosols makes the density of the
vapor cloud significantly higher than that of the air.
Addition of air reduces the density of the mixture.

o Mixing of air with vapor clouds of type 1 chemicals
consisting of 1liquid aerosols results in substantial
decrease in the mixture cloud temperature. The temparature
starts to increase when all aerosols have evaporated. This
occurs within the range of dilution ratio of 1:1 to 1:10
(mass of chemical : mass of air) for a range of initial
aerosol fractions of 20% to 50% by mass. The temperature of
the vapor cloud subsequently approackass that cof the ambient
air with further dilution. .

o In the case of type 2 chemicals (ammonia) the aqueous
aerosols are present until the dilution is such that the
cloud temperature goes above the wet bulb temperature of the
air (consistent with the relative humidity). This means
that in high humidity atmospheres a cloud will be visible
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for a very long distance. The aerosols present at high
dilutions will be essentially condensed water with very
little chemical bound in the agueous form.

o No generalization can be made of the behavior of the
chemical of type 3 when mixed with air. The results depend
very much on the reaction chemistry.

In the ocase of nitrogen tetroxide, for example, the
dissociation reaction of Nz04 to NO; is an endotharmic
reaction resulting in the cooling of the vapor cloud as soon
as it is released from the tank. The resulting condensaticn
of water from the atmosphere and the reaction of NO, with
this condensed water will lead to the formation of aqueous
nitric acid (HNO3). The model indicates that above a (HNOj)
concentration of 50 ppm condensation of nitric acid results.
This result is, to some aextent, substantiated by the
nitrogen tetroxide release tests conducted by Lawrence
Livermore National Laboratory.

o The density of the chemical and air mixture is very
insensitive to the relative humidity of <the air. In
caloulating the density of the cloud, therefore, ignoring
the effect of humidity is completely acceptable if the
calculations are for describing the dispersion process.
However, as indicated above, humidity has considerable
affect on the reaction or dissolution (and therefore on the
presence or Aabsence of additional chemical species in the
cloud as well as the distanca up to which the cloud is
visible).

DISPERSION MODELING

Dispersion models have been developed for the case of an
instantaneously released vapor cloud as well for the continuously
released plumea of wvapor. The initial conditions (such as the
mass of vapor released or the mass rate of vapor release, the
amount of aerosol in the vapor, the mass of air mixed, the
thermodynamic condition and the size of the cloud) are determined
from the source models and the application of the thermodynamic

models described earlier. The models for both the cloud
dispersion and the plume dispersion assume that the dispersing
vapor+aerosol+air system is heavier than air. Dispersion |is

modeled in two distinct regimes, namely (i) the "heavy gas" or
high c¢loud density dominated regime, and (ii) atmospheric
turbulence controlled dispersion regime.

The dispersion models developed predict the concentration
distributions, both vertically and horizontally at any point down
wind of the source, the dosage at any point over which the cloud
passes, the thermodynamic condition (temperature, density and
species fractions in the vapor and liquid phases, if any) of




the cloud at any position, the cloud translation velocity, the
cloud size, etc. Similar parameters are calculated for the plume
release.

In the case of "puff" or "cloud" dispersion in the heavy gas
regime we assume the cloud to ke cylindrical ("box") and
calculate the down wind motion of this cylindrical cloud due to
wind induced drag. The cloud is diluted due to the entrainment
of air over thae top and sides of the cylinder. The air
entrainment rates are expressed as functions of the gravity
induced radial expansion velocity ae well as the atmospheric
turbulent velocities modified by the cloud stratification. 1In
addition, the expansion of ths edges due to atmospheric turbulent
diffusion is super imposed on the box dispersion by the use of a
modified volume source Gaussian dispsrsion phenomenon. The result
of this "hybrid" model is that there results a central core
region in the cylindrical cloud within which the concentration
distribution is essentially uniform and the outer regions of tha
cloud in which the concentration falls off. This is a truer
representation of the real phenomenon compared to that in the box
nodel in which all property values within the box are uniform and
outside of which there is no vapor concentration.

In the heavy gas dispersion regime the thermodynamic condition of
the cloud is calculated at every position of the cloud noting the
amount of air antrained up to that position and the total amount
of heat exchanged between tha cloud and the surroundings. Tha
heavy ¢gas type of dispersion is terminated when the local
Richardson number is of the order of unity. However, the volume
source Gaussian dispersion is continued besyond the transition
region. This ensures that the property value changes with
distance &are smooth and continuous. In addition, the
concentration and other distribution profiles smoothly change
from the initial "top hat" profiles to the Gaussian protiles at
the far field.

The same type of approach is used for modeling the plume
(continuous release) dispersion. The profiles are assumed "top
hat" in the lateral and vertical directions close to the source
but change gradually to Gaussian profiles at the far field. The
same type of "hybrid" model with heavy gas effects and the edge
diffusion effacts (modeled with an area source Gaussian model) is
used to describe the dispersion of vapor in the plume. 1In the
case of the plume dispersion it is assumed that the conditions at
the source are steady (i.e., the rate of release of vapor |is
constant) .

The results from the models developed in this report have been
compared with data from several field dispersion tests involving
the release of chemical vapors. The tests with which our model
rasults have been compared include, (i) the Thorney Island series
of tests in which 2000 m3 of Freon was released instantaneocusly,
(1i) the Desert Tortoise tests in which anhydrous ammonia was
released continuously, (iii) the Eagle series of nitrogen




tetroxide release tests at the Nevada test site, (iv) Lyme Bay
test of continuous chlorine release over the ocean, (v) tests
involving the explosiva release of phosgana. Principally, in all
these tests data on the concentration variation with down wind
distance has baen comparsd with the model predictions. 1In some
cames, the cloud area (or oross sectional area for plumes),
haight, cloud translation velocity have bean compared with model
results,

The model we have daveloped predicts the ¢test results for
different chemicals and rulease conditions with a remarkable
degres of acouracy. The downwind concentration variations and
the ocloud sizes are predicted extremely well for almost all
dhemicals for which test data are available. The "box" mcdels
available in the literature do a poor job of matching the data
over the wheole range of tests. This is because of the inherent
problem of matching the conditions in a box (within which all
propertines are uniform) to a continuously varying Gaussian
profiles in the far field region.

Our hybrid model is a substantial improvement over the models
available in the 1literature in that no artificial "virtual
socurces" are used. Also, our model does not have tha problem of
"ma:u loss" which most literature models have at the transition
region,

In the dispersion model we have developad, there are a number of
parameters with constant values in several equations describing
the cloud or plume lateral expansion rate, air entrainment rate,
wind-cloud nomentum exchange rate, ground friction coefficient,
etao., ¥t is seen that the model predicts the data from the
diverce tests (both Iin scopa and chemical) with remarkable
accuruacy with only one unigue set of parameters. The values of
the differant parameters were datermined by calibreating the model
results with a selected set of Thorney Island Test Series data,
The parameter values that resulted in the best fit for these
data, and which are the values we used in the model, are
indicated in Table 1.

In our medeling effort we have also considered the description of
the atmospheric stability according to a continuous scale. That
. ls, the sastability of the atmosphere can vary from extremely
stable to an extremely unstable condition over a continuous
scale. The exact stability condition is determined from a number
nf obsaervational parameters including the solar angle, the wind
speed, the cloud cover, time of day, etc. In addition, in the
dispersion models the atmospheric dispersion parameter values are
modified according to the ron hnass of the tearrain and the
concentration averaging period.




Phvaical Paranatex value i
! Ehenomencn :
| Heavy Gas
5 Disparsion
Gravity velocity factor (k) 1.07
‘i Top Entraimment Coefficient (a) 0.7
: Side Entrainment Coefficient (g,) 0.08 .
. Side Entrainment Coefficient (8,) 0.30 8
Wind-to-Cloud )
Drag Factor Drag coefficient (Gp) 0.5
4 Wind momentum transfer
- etficiency factor (f) 0.55%
Transition Transition Richardson # (Ri,,) 1
Regime
Fractional Density Deviation (a') 10~}




MICROCOMPUTER PROGRAMS

The entirs set of models developed under this project have baen
translated into FORTRAN computer code. These set of programs are
executable on an advanced microcomputer with execution times of
the order of 5 minutes for each run. The output from the
programs are presented both in graphical form on the screen and
in the form of tables.

CONCLUSIONS

In this project, we have develocped a heavy gas chemical
dispersion model which is comprehensive, accurate and is
applicable to a variety of chemicals and release situations.

We have,

° tested the model against all available field test data. The
model predicts the observed data from many different field
tests and chemicals very accurately.

e studied the sensitivity of the model to various parameters
in the model and have determined a set of values which

provide the best estimate for vapor ocloud dispersion
behavior.

° nodeled a variety of release situations to determine the
strength and size of vapor sources.

° analyzed the reaction chemistry of various chemicals with
air/humidity and have developed a method of considering
these effects in the dispersion process. Also, we have
identified the important effects.

Coded the entire set of models into microcomputer executable
prograns.

The dispersion model developed is simple in concept but vyet
predicts downwind vapor concentrations with good accuracy. The

model is better than any "box" typae models currently available in
the literature.

RECOMMENDATIONS

The dispersion model developed does not consider the details of
the local topography. This may present a serious limitation if

the model is used for predicting heavy cloud behavior in a hilly
or vallry region.

It is therefore raecommended that the heavy gas dispersion model
developed in this project be modified to take into account the
details of local topography and predict not only the cloud or
plume concentrations but also where the cloud or plume will be at
any given time.
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l.1 BACKGROUND

The U.S8. Air Force (USAF) handles, stores and transports rocket
fuels (liquids), oxidizers and other chemicals. These chemicals
include nitrogen textroxide (N304), phosgene, chlorine, ammonia,
etc. The quantity of chemicals handled, transported and stored
varies depending on the use. For example, ligquid rocket fuels
and oxidizers are handled in large antities, whereas other
chemicals are not used in large gquantities by the USAF. )

A number of these chenmicals are inflammable and/or toxic.
Therefore, they pose potential health and safety problems to
pecple exposad to excessive vapor concentrations downwind of an
accidental release of the chemical. When spills occur on or near
an Alr Force base, tha Air Weather Service of the USAF is tasked
to provide predictions of the toxic corridor. The determination
of the hazard area requires knowledge of <the toxic (or
inflammable) properties of the chemical, the reaction (if any)
the chemical undergoes in the atmosphere, the types of source and
its strength, tha meteorclogical data, and the disparsion
characteristics of the vapor in the environment. All of these
variables are interconnected and affect the final hazard area.

At present, the Air Weather Service of the USAF uses the Ocean
Breeze and Dry Gulch Diffusion program (Kahler, 1980) to predict
the potential hazard areas. This model is based on an empirical
equation derived more than 20 years ago from a series of
diffusion experiments conducted by AFGL at Cape Canaveral, FL,
Vandenberg AFB, CA and in Kansas. In general, this model is not
apilicablo to chemicals whose vapors are heavier than air or
which undergo chemical reactions in the atmosphere. Also, this
model is not applicable to vapors containing liquid aerosols
which undergo evaporation during dispersion. The error resulting
in the use of Ocean Breeze and Dry Gulch model to predict the
dispersion of the vapors of chemicals indicated earlier |is
substantial.

Considerable theoretical and experimental research investigations
have been carried out, worldwide, to understand the dispersion

physics of heavier-than-air gases. A few investigations have
also been undertaken to understand the reactive chemical
dispersion behavior. However, most of the models are very

complex or are not easily available for use by the USAF. Also,
very little attention has been directed in the investigations on
modeling the source characteristica following an accidental
release. The Air Force Geophysical Laboratories (AFGL) s
therefore interested in developing a comprehensive model
capability so that any reasonable spill (involving the chemicals
indicated earlier) can be described mathematically and the
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potential hazard area calculated to a higher degree of accuracy
than is presently possible using the AWS model. It is the desire
of the AFGL that these models be the state-of-the-art, yet
simplified to the extent possible. It is desirable to develop
the models so that they run on a microcomputer. These models can
then be installed in the USAF's microcomputers at a number of
bases.

Therefore, with a view toward enhancing the prediction
capabilities of the dispersion models for use by the Air Force
and to expand the applicability of the computerized prediction
system that the Air Force Geophysics Laboratory at Hanscom AFB
initiated this research effort. The principal goal of the
project is to analyze various chemical release scenarios, develop
appropriate , models and computerize the models 80 as to be
executable on a microcomputer. Technology & Management Systems,
Inc., (TMS8) was awarded the contract to perform the various tasks
in this project.

1.2 BRIEF_SURVEY OF STATE-OF-THE=-ART IN SOURC
MODELING OF CHEMICAL RELEASES -

Over the past 10 years, there has been considerable research on
the dispersion of heavy gases. A number of conferences have
taken place dealing specifically with heavy gas ' dispersion
modeling and data from field tests. However, .a substantial part
of research has been devoted to non~reacting gas dispersion,
especially dispersion of cold natural gas vapora. For details of
the models, test results and other information the following
roeview papers and publications can be referred to: Raj (1982),
Raj (198%), Webber (1983), and the Symposium on Heavy Gas
Dispersion Trials at Thorney Island (JHM, 198%; HSE, 1986). Tha
significant findings from the heavy gas dispersion research are
as follows: (i) The turbulent entrainment rate into a heavy gas
is significantly affected (reduced) by the density stratification
in the gas cloud or plume; (ii) the downwind distance for a given
level of concentration is considerably smaller than that
predicted by point source Gaussian models; however, the ¢total
area of hazard may be more than Gaussian predictions because of
lateral spread; iii) heavy gas releases may also pose an upwind
hazard. This, however, depends on the wind speed and initial
relative density and mode of release of vapor.

While significant efforts have baen expended in understanding the
physics of heavy gas cloud dispersions (especially non-reacting
gases) not enough tests or modeling work has been done on either
characterizing the sources or understanding the physics of
dispersion of gases containing liquid aerosols and/or reaction
with ambient air. Kunkel (1983) has recently published work
comparing evaporative source strength models for toxic chemical
spills. This work has compared the few available models on
characterizing non-pressurized liquid spills and evaporation on
the ground. Raj (1980) has modeled the release of pressurized
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liquid in the form of a jet. The spill on land and evaporation
of oryogenic chemicals has been modeled by Raj (1981).

Models for calculating propellant spill source strength have been
developed by Haas, et al (198l1). These models also assume that
liquid is spilled onto ground and the evaporation is due to vapor
pressure of the chemical. Pressurized release and jet source in
which 1liquid aerosol gets entrained with the vapor are not
modeled.

Very faw experiments have been conducted with the chemicals of
interest to the USAF. Cryogenic ammonia spill tests (50 liters)
on water have been conducted under U.S. Coast Guard sponsorship.
These tests indicated that over 50% liquid dissolves in water.
Pressurized ammonia release tests on land have been carried out
by Lawrence Livermore Labs (LLNL) (Koopman, et al.,1984). These
tests showed the heavy gas dispersion characteristics of the
asrosol laden cloud. Quantitative data have recently become
available (Ermak, et al., 1987) and have been compared to model
resulcs. LILNL has also conducted nitrogen tetroxide release
tests for the USAF (see Koopman, et al., 1984). The tests
indicated that there was hydrolysis of N,04 to nitric acid, even
in the very dry desert atmosphere conditions. Data are available
(Ermak, et al., 1987) and have been compared with model rasults.

In the area of theoretical modeling of reactive chenmical
dispersion, only two or three investigations are available.
Kaiser and Walker (1978) have developed a model to predict
anmonia dispersion. This model includes the effect of aerosols
and ground heat transfers. A more detailed model of ammonia
dispersion with reaction kinetics included have been developad by
Raj (1980). More recently, Kansa, et al., (1983) have modified
the liquified natural gas dispersion model (numerical model) to
take into account the reaction chemistry and presence of
aerosols.

Recently declassified data have been released by the U.S. Army on
phosgene field tests conducted several decades ago (Raj, 1983).
These tests clearly indicated the heavy gas type of behavior of

phosgane vapor and liquid aerosol clouds. Data from tests
conducted on the sea with chlorine releases have been reported
recently (Wheatley, et al., 1987). The chlorine was released

from a ship sailing crosswind. The test raesults indicate the
heavy gas nature of the chlorine plume formed over the ocean.
Dense gas behaviors of Hydrogen Fluoride vapors have also been
reported by Blewitt et al (1987). In the series of tests
reported by Blewitt et all, both aeroscl formation and
polymerization (and hence increased molecular weight of the
plume) were observed. Some of the heavy gas dispersion models
discussed in the literature use numerical techniques to solve the
turbulent diffusion equations. Several of these (such as FEM3,
ZEPHYR, SIGMET, etc.) can be run only on large computers.
Improved semi~-numerical models such as HEGADAS and DEGADIS take
considerable computation time (of the order of several hours of
CPU) to calculate dispersion footprint on a microcomputer.
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Finally, most models are useful only for one typs of release
condition; seldom do these models come integrated with different
source characterization models. Several reviews of dense gas
dispersion models are given in the proceedings of a recent
conference on Vapor Cloud Models (AIChE, 1987).

This report describes the results from a research and development
effort conducted by TMS on behalf of USAF/AFGL. The report
describes the various models developed and the application of the
models to the conditions of releases from Aifferant tasts with
various chemicals. Algso described are the features of the
computer modal.

1.3 QRIECTIVES
The objectives of this project were to:

° perform necessary research to evaluate the effects of
various physical, chemical and thermodynamic phenomena on
heavy gas dispersion of several selected chemicals.

° develop toxic chemical dispersion models which lnclude the
above phenomena and which will also take inte account the
characteristics of different types of sources.

1.4 SCOPE OF WORK PERFORMED

In order to achieve tha above objectives, the following tasks
were performed:

o development of a database of properties relavant to
dispersion of the following six chemicalas: nitrogen
tetroxide, phosgene, chlorine, ammonia, sulfur dioxide, and
hydrogen sulfide.

o modeling and characterization of various source types
including single source, confined and unconfined source,
instantaneous and continuvus, liquid and/or gas release,
eto.

° development of dispersion models for predicting the hazard
area resulting from the release of a heavier=-than-air toxic
chemical vapor. The models include oconsideration of
parameters such as the cloud density, atmospheric humidity,
chemical reactions, thermodynamic effects, heat exchanga
with ground and liquid aercsol effects.

o Coding of the models into a computer program and debugging
the code.

° Comparing model results with data available from field
tasts.

14
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° Performing model analysis to evaluate the importance of
various physical, chemical, and thermodynamic phenomena (or
parameter values) on the dispersion and hazard arsa.

© Generating this technical report containing all data
collected, analyses performed, mathematical models
developad, and results of investigations.

i.8 REPORT ORGANIZATION

This report is divided into logical parts. An overall project
summary is given in the sxecutive summary. This chapter gives a
brief outline of the project backgrnund. The next four chapters
(2~8) contain descriptions of the scientific models developed.
The description of sources, the model details, and the results
obtainad by using the source models are discussed in Chapter 2.
The thermodynamic behavior of the chemicals as they are released
and dispersed is discussed in Chapter 3. The nodels used to
deacribe the atmospheric conditions are covered in Chapter 4.
The dispersion analysis models are discussed in Chapter 5.
Chapter 6 has details of the comparisons of test data and model
results. Finally, the overall project conclusions are in Chapter
7. The Appendices have detailed descriptions of the property
database (Appendiv A), dispersion modeling (Appendix B), and
computer code organization (Appendix C). The computer program
user's manual is presented in Volume II, so as to not overload
the reader of this model development and evaluation voluma.
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CHAPTER 2
SOURCE MODELING

In this chapter, we discuss the storage and release conditions
relevant to the six chemicals of interest to this study. The types and
nature of releases possible are then discussed. Mathematical models
for the different processes and phenomena that occur during the
release of the chemicals are formulated and developed.

2.1 INTRODUCTION

The chamicals of interest to this study, chlorine, ammonia, nitrogen
tetroxide, phosgene, sulfur dioxide and hydrogen sulfide, are stored
and transported in variocus forms (pressurized or under atmospheric
pressure, liquid or gas). The type and nature of chemical release from
such a container depends on the severity of the accident involved. In
the case of a tank rupture, for exampla, the entire content of the
tank may be released into the atmosphere; on the other hand, if the
release is due to a relatively small puncture in the tank wall or due
to a pipeline rupture the chemical may be relecased into the atmosphere
over an extended period of time. The former type of release in which
the tank's contents are releasad in a relatively short time can be
classified as an "instantaneous" release, and the latter, a
"continuous" release.

Figura 2.1.1 illustrates the typical releuse scanarios considered in
source modaling. Three types of chemical storaye are considered,
namely, (1) stationary liquid storage tank (pressurized or unpressur-
ized) which is diked, (ii) undiked, stationary liquid storage tank
(pressurized or un pressurized) and (iii) pressurized tank on a road
transport. Several chemical release scenarios can be postulated
depending on the type and extent of damage to the storage tanks. We
discuss below a few of the important situations.

If a hole or a crack results on the wall of a pressurized tank vapor
or liquid is released into the atmosphere depending on the location of
the punctura relative to the liquid level; liquid is releused if the
hole is below the liquid level and gas is released when the hcle is
above the liquid line.

2.3.3  Liguid Releases

In general, if the liquid is stored under prassure it is at ambient
temperature. When this liquid is released it '"flashes" immediately.
That is, a fraction of the released ligquid evaporates, using its
sansible heat, so as to adjust thermodynamically vo the lower ambient
pressure. This flashing phenomenon results in the formation of
atmospheric pressure saturatad vapor and saturated licquid. A part of
the saturated licuid may be in the form of fine droplets ("aerosols")
and may get entrained into the vapor cloud formed by the saturated
vapor. The vapor cloud together with the entrained liquid aerosols
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and may get entrained into the vapor cloud formed by the saturated
vapor. The vapor cloud together with the entrained liquid aerosols
will disperse in the atmosphere. The remainder of the saturated liquid
may spread on the ground, parcolate into the ground and evaporate due
to heat transfer from the ground and the atmosphere. The spread of the
liquid on the ground may be impeded and a pool formed if a dike
surrcunds the storage tank. The vapor cmanating from the evaporation
of tha pool of liquid un the ground will also form a gas cloud or
plume depending on the duration of evaporation. These phenomena are
schematically depicted in Figure 2.1.l1. Also shown in this figure are
the various "phenomena paths" depending on the storage, ralease and
environmental conditions.

In this Chapter, the rates of release of the liguid from various
storage conditionc are calculated and discussed in section 2.3.1.
Liquid flash is modeled in section 2.4. The spread and evaporation of
liquid on the ground is discussed in section 2.5, If a large volume
of pressurized liquid is released through a relatively small hole over
a leng duration of time a two phase jet of vafor and liquid jet
results. The modeling of the characteristics of this jet is discussed
in aaction 2.6.

4:.1:2  Gas Releages:

Figure 2.1.1. shows schematically two situations in which only vapor
will be released from the storage tank into the atmosphere. Vapor
releases can occur due to (i) the pressure safety valve (on
pressurized tanks) releases excess vapor build up within the tank
caused by heat leak or other phenomena, (ii) the top of the tank is
damaged exposing tha liquid pool to the atmosphere. This occurs when
the damage to the tank wall occurs above the ligquid line. In the case
of atmospheric pressure storage tanks, the liquid pool evaporates
relatively slowly dus to the heat transfer from the wind. In the case
of pressurized tanks the rate of evaporation of the liquid will depend
on the size of the hole in the tank wall. If the damage is large then
the entire mass of the liquid participates in a flash procaess and
massive amount of vapor is produced in a relatively short time. If the
hole on the vapor space is small then the rate of production of vapor
is slow but will occur over a long duration of time. In this case
relatively pure vapor (free of liquid) will be released.

Gas release calculations for the case of relatively small holes and
constant tank presasure are indicated in section 2.3.2.

The term "source modeling" used in this report signifies the (a)
calculation of chemical release rates, (b) determination of the
thermodynamic state of the chemical (temperature, phase, concentration
of the different chemical species, etc) just after releases, (c)
evaluation of the physical dimensions of the vapor cloud or the plume
at the source, flow rates of vapor and initlally entrained air and tha
chemical concentration in the initial cloud or plume. These models are
discussed helow.




One other important phenomenon that occurs after the release of the
chemical, especially during the releasa of a pressurized liquid, is
the rapid entrainment of air very close to the source. The volume of
ailr entrained will depend on the dynamics of release and the flash
process. Thermodynamic equilibrium may be attained quickly by the
mixture of chemical vapor, aerocsols, if any, and the entrained air.
This state defines the initial conditions for the subseguent
disperaion calculations.

£:1:3  Literature cCitations on Source Modeling

The source models available in the literature range from simple
nomograms, to those based on empirical relations for specific
chemicals and release scenarios to models that solve the heat balance
equations for the pool temperature including solar radiation, heat
transfar from the ground etc. Some of these are (i) Illinois EPA model
to provide rapid and easy estimates for evacuation zones in the case
of an accident, (ii) USAF AWS model to estimate propellant source
strength, (1ii) UsAF ESL model which includes a simple empirical
formula primarily for use with highly toxic liquid propellant
releases, (iv) Whitacre and Myriski Army mode’. which relates the
evaporation rata to wind speed, (v) Ille and Springer model which
takes into account detailed heat transfer modes into a liquid pool,
and (vi) Shell Spills model. A recent review and evaluation of these
models are available in reports by Kunkel (1983) and TRC Inc. (1986).

2.2 SIVRAGE/RELEASE CONDITIONS OF THE SIX CHEMICALS UNDER STUDY

The analysis of source mcdeling requires the knowladge of typical
storage conditions adopted for the chemicals. Table 2.2.1 summarizes
these conditions for the six chemicals, namely chlorine (CLX), ammonia
(AMA) , nitrogen tetroxide (NOX), phosgene (FHG), sulfur dioxide (SFD)
and hydrogen sulfide (HDS). For each of these cases, storage
conditions are characterized by the pressure and temperature at
storage, as well as the physical state. It can be seen from Table
2.2.1 that the chemicals CLX, AMA, SFD and HDS are usually stored as
pressurized liquids at ambient temperature. For phosgene and N,0,, the

physical state at storage is clearly dependent on the storage
temperature and pressure.

2:2.1 classification of Storage Conditions

For the purposes of source modeling, it is important to distinguish
between the various modes of storage, such as: (a) pressurized or
non-pressurized, (b) liquid cr gaseous storage and, (¢) cryogenic or
non-cryogenic. At r.esent, no specific criteria exists for the
classification of the liquid into cryogenic or non-cryogenic type
release. It is therefore necessary to develop a consistent set of
criteria that will allow us to classify the storage/release
conditions. The characterization of storage/release conditions can be
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Iable 2.2,1: Tyoical Storage Conditions of

Chemical Normal Boiling Sat. Pressure (atm) at Typicat Storage/Yransportation
Temperature T3 X 298 X Conditions
) (0 C) (25 )
CHLORINE 239.1 3.82 7.45 Preasurfzed, in both liquid and gus

phases (at 25 C, 7.4 atm)

AMMONIA 239.8 417 9.66 4, Pressurized Hortonspherss
b. squa ssmonia in low pressure storage
¢. refrigerated Liquid at P = 1 atm

In Rosd & Refl Transport, it is carried
as 8 pressurized liquid,

NITROGEN 294.,0 0.34 1.18 liquid & gas at atmospheric pressurs
TETROXIDE

PHOSGENE 81,4 0.73 1.88 liquid & gas at atmospheric pressure

SULFUR DIOXIDE 263.2 1.52 3.8% Pressurized, in both liquid and gas

phases (at 25 C, 3.8 atm)
refrigerated liquid

HYDROGEN SULFIDE 212.8 10.0 13.4 Pressurized, in both (iquid and gas
phases (at 25 C, 13.46 atm)
refrigerated (iquid




conveniently described by a representation on a saturated vapor
pressurs - temperature diagram.

Figure 2.2.1 illustrates a typical saturated vapor pressure-
temperature diagram, showing the location of the ligquid-vapor
boundary (line AB). Specification of the tank storage temperature
(Ty) and tank storage pressure (P;) allows us to represent the storage
state on this plot. Four storage conditions are possible (represented
in the figure by 1, 2, 3, and 4). Conditions 1 and 2 indicate the
situation where the storage pressure is above the ambient preusure
("presourized storace"). Conditions 3 and 4 represent ambient pressure
storage at different temperatures (liquid or gaseous storage condition
depending on the storage temperature relative to the saturation
temperature at ambient prassure).

2.2.2 Claspitication of Releases
Crvogenic & Non Crvogenic Releases

In the case of liquid release we classify the release into cx:yoienic
or non-c¢ryogenic release depanding c¢n the temperature of the liguid
when it hits the ground. The following criteria are used in this
classification depending on the ground temperature (T;).

I,
Teer < To ‘release is CRYOGENIC

Tog, >= T, release is NON-CRYOGENIC

where the release temperature (T,,, ) 1is calculatad from the initial
storage conditions and the flash calculation, if necessary.

If liquid is stored subcooled - such as storage of water at ambient
temperature and pressure - then the release temperature will be equal
to the storage temperature; on the other hand, if the liquid were
saturated to begin with, on release the temperature will be the
saturated temperature corresponding to the atmospheric pressure for
the chemical. Thus, we can define the release temperature Ty, to be:

T it T, < Tg,r (at 1 atm pressure)

TheL
Tear (€ 1 atm) if T, > Tg,y (at L atm pressure)

1f the ground temperature, T, is higher than T, , i1.e., if a
cryogenic spill occurs, the liquid evaporation is enhanced by the
heating from the ground. On the other hand if T, < Ty, , the licquid
evaforation is dependent on the heat loss to the ground and the
ambient.
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Figure 3.2.1 (b)

Figure 2,2,1: Determination of Storage Conditidns of Chemicals:

Liquid vs Gas, and Pressurized vs Non=Pressurized Cases.




Jeta e S s T

Figure 2.2.2 shows the actual saturated vapor pressure - temperature
diagrams for all the chemicals under study. The normal boiling points
of the six chemicals are: nitrogen tetroxide (294.0 K), ammonia
(239.8 X), chlorine (239.1 K), phosgena (281.4 K), sulfur dioxide
(263.2 X) and hydrogen sulfida (212.8 K).

Contined & Unconfined Svills

Around many liquid storage tanks dikes are provided (alternately aumga
are provided) to collect and contain any spilled liquid., A liquid
spill tends to spread on the ground until the dike wall is reached at
which time acouwmulation of liquid results. In our models a spill is
termed "un confined" if the liquid pool spreads without any
restriction. Similarly, when the spread is restricted due to the
presence of a dike the spill is termed "confined". The spreading pool
of a cryogenic liquid may evaporate dus to the heat transfer from the
ground during its un confined spread. However, under the condition of
a confined spill the liquid may spread initially but will form a pool
quickly. The rata of evaporation in the latter case will decrease with
time because of cooling of the ground underneath the pool.

Inatantaneous & continuous Spille

The classification of a release into instantaneous or continuous
depsnds very much on the purpcse for which the definition is applied.
For example, if the time duration of relesase of liquid from a storage
container is short compared to the time over which the liquid in the
pool evaporates then the release can be considered as "instantaneous".
However, the same liquid pool may be evaporating over a time which is
much larger than the time of dispersion of the vapors to reach a
specified level of concentration down wind. In the latter case, the
same relezse is considered to be "continuous". Therefore, spill
classification into instantaneous or continuous invoives the
determination of two or more time scales. The 3salculation of
dispersion time scale is difficult because the dispersion
characteristics depend on the type of release. Thers does not exist in
the literature any simple criterion by which a release can be easily
classified as being either continuous or instantaneous,

Fortunately, the lack of knowledge of the classification of a release
is not very datrimental in determining the extent or the area of
hazard. In the dispersion models d’'scusged in Chapter 5 we analyze
both the instantaneous realeases of vapor and continuous releases of
vapor. We suggest, for those release situations in which the
classification is nebulous, that the hazard distances be calculated
using both the instantaneous release model and the continuous release
model (over the duration of the spill) and using the larger hazard
area or eaxtent.
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Chemicals Under Study.
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Representation of Storage & Release Condition

In our analysis and computer codes the various modes of the
storage/release conditions ars identified by the following parameters.
Each parameter has a zero or one value depsnding on the situation.
The parameter and the conditions they represent are indicated below:

Earaneter Conaition Represented
Icrvo Release is cryogenic or non cryogenic (applies to liquid
releases cnly)
Lones Chemical storage under pressure or otherwise
I Phase of the chemical urder storage; liquid or gas
Iy ke Presance or absencs of a dike surrounding the tank

(indicates confined or unconfined spill)

Ieont Spill classified into continuous or instantaneous

Depending on the values of the above parameters, the actual release of
the chemical can be classified into one of 20 categories. These
categories are enumerated in Table 2.2.2. From physical considera-
tions, the cryogenic gas releases are eliminated since the released
gas is presumed not to receive appreciable heat transfer from the
ground during its release from the container. In addition, the
presence of the diked arsa also does not affect the gas release
characteristics.

Typical description of accident situations are usually nebulous, such
as, "a tank truck containing N,0, spilled onto ground". While this
information may be adequate to provide a sense of the problem on hand,
it is not sufficient to obtain quantitative information either about
the storage conditions or the parameters that define the release type.

It is evident from the above discussion that the overall source model
will consist of various models that describe each of the above
phenomena. The models are, (a) venting rate model, describing the
rate of release of liquid or gas through a hole: (b) flash model,
describing the fraction of the pressurized liquid released that is
transformed into vapor by the flashing process; (c¢) cryogenic liquid
spread model, describing the spreading and simultanecus evaporation of
the cryogenic liquid; (d) model for the spread and evaporation of a
low vapor pressure liquid 1l on the ground, (e) an uptake model,
which describes the entrainment into the wind stream of the vapor
emanating from a pool of liquid, and (f) r model for esti.uting the
characteristics and the entrainment of air into a two phase jet formed
due to a pressurized liquid release from a hole.
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Wa have not modeled the process of formation of the aerosols from the
released liquid. This is a complex phenomenon and depends very much on
the properties of the chemical, conditions of release, the gecmetry of
the hole, angle of the jet issuing from the hole (and whether the jet
impacts the ground or not), etc. The specification of the fraction of
liquid that is converted into aerosol is left as a user input
parameter. The rate of percolation of liquid from a pool on the ground
into the substrate is dependent on the characteristics of the ground
at the accident site. We have not included the percolation loss of the
chenical in our source models. This omission is deliberate and is with
a view to give conservative estimates of the mass of vapor injected
into the atmosphere.

Since the primarLApurpclc of the source characterization in this
project is to estimate the dispersion hazard distances and areas, we
use the models such that conservative estimate of the source stren
results. Table 2.2.2 also provides a list of such conservative
estimates for various source release conditions.

In the following sections, the physical models developed are described

in detail. In each case, the equations developed have been coded into

;u:ORTRAN computer program and constitute a module in the source
Zary.

2.3 VENTING RATE MODELS

Vanting rate model involves the release of the chemical through a
hole. The driving force for such a flow is the liquid head in the
tank and/or the (liquid or gas) pressure inside the tank. The
friction at the exit and the finite size of the hole restricts the
chemical flow rate through the hole. In this section, we derive the
venting rate equations for both liquid and gas releases.

2.2.1  Liguid Release

Conasider the situation where the ligquid is stored in tha tank under
pressure P, . Let the depth of the liquid be h . The liquid is
relsased to the atmosphere (at P,) through a hole of area A,, at a
location h, from the tank bottom, with vaelocity U. The area of the
tank , is assumed to be much greater than the area of the hole, and
thus, e exit flow through the hole does not significantly alter h
or P;. In addition, we define D, as the equivalent hole diameter and
D, as the tank diameter. Application of Bernoulli's equation leads to:

U2

PT+ Py g(hL-hH) - P‘* Py =T (2.3.1)

where ,, is the liquid density. In general, the pressure has very
little effect on liquid density.
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Rearranganent of the above equation results in:

v-v (—%‘— ) ¥ [ (Pg- P) +py & (hy- by ] (2.3.2)
The mass flow rate is then given by:
mB=C py U Ay (2.3.3)

where the constant G, is the coefficient of discharge, a factor that
depends on the nature of the hole, the hole size, the flow rate (and
the Reynolds number) through the hole, and the compressibility. For
liquids, which are incompressible, above equation holds rather well.
The coefficients of discharge have been measured under various
conditions, typically in conjunction with flow measuremunts through
orifice meters. ¢, for square-edged circular orifices with pressure
taps as close as possible to the orifice plate, as a function of the
Reynolds number and with the ratio (hole size/pipe dizmeter of orifice
neters) as a parameter are available from literature (Figure 5-18,
Perry and Chilton, 1973).

In the case of a liquid release through an irregular hole on the tank
wall, the pipe diameter is ill-dafined, and the flow streamlines
upstream of the hole are not well established. Under these
conditions, the value of cosfficient of discharge is expected to
differ from that given in the literature. No actual data are reported
in the literature for the cases of interest to this study.
Considering the limiting diameter ratio as 0.2 (the smallest in the
literature data), the coefficient of discharge ranges from 0.2%5 to
about 0.7, depending on the Reynolds number. For large holes or large
pressure heads (Re > 1.00), G is typically 0.65.

With this information, and using the equations derived above, we can
calculate the venting rate of the liquid from thae tank as a function
of time. If the pressure above the tank is held constant {(due to
liquid evaporation or opan to the atmosphere, for examplae), then the
above equation can be integrated.

Wwith
h = depth of liquid in the tank

va write the equation for the variation of liquid depth at any time as
follows:

dh
by Ay === =k = =0 g, UCh) Ay (2.3.4)

whare the velocity U(h) is now a function of the liquid depth h and is
calculated by replacing h, by h in equation 2.3.2. To integrate
equation 2.3.4 we define the following parameters.

U= JTA+BHR) (2.3.6)




A= <2/ﬂ£) [(Py'P.) = Pp B h"] (2.3.7)
B=2g
Integration of aquation 2.3.4 leada to

m, - m = [Cp? § oy Ay2/A;) ¢ - Ct (2.3.8)

That is, the mass release rate decreasss linearly with time. At time,
t = 0, the spill rate is given by

m, = G py Ay U, (2.3.9)

where U, is the initial release velocity cbtained from equation 2.3.2.
The overall duration of the release, t,.,;,, is calculated by noting
the time for the liquid depth to be cquai *:o the hole height (i.e., h
= h, ). This spill duration is given by

Capinty = [':‘o/cl - [Uy/(Cp 8)] (Ay/Ay) (2.3.10)

2.3,  Gas Release

The snergy equation indicated in eguation 2.3.1 is not valid for
compressible gas flows. In gensral, gas flow through a nozzle and an
orifice is analyzed assuning the flow to be compressible and the gas
expansion adiabatic, i.e., thers is no heat exchange batween the gas
flowing out of the tank and the ambient (Liapman and Roshko, 1967).

If, in addition, the gas is assumed to be a perfect gas it can be
shown that the following relationships hold good for the adiabatically
expanding gas.

K
(B/eg) = Cospp ® = (/1 D (2.3.11)

where the P, 5, and T respectivaly refer to the pressure, density and
temperature of the gas in the flowing stream. The subscript 7T
reprasent the conditions in the tank. The parameter "kX" represents the
ratio of the vapor specific heat at constant pressure to that of the
gpecific heat at constant volume.

It can be shown by the application of the energy equation and the
perfact gas law that the velocity of the gas at any position in the
flowing stream is giv-.. by

(k-1)
Uw [2 o (JEL) (1« 1 ) (2.3.12)
ZE.ls pT e




whera N
atmos £1lC pressure
o= (R B = B iremare ot (2.3.23)

For a given atmospheric pressure P, as the tank pressure P, is
increased it is seen from eguation 2.3.12 that the velocity at the
section where the pressurs is atmospheric also increases. For
increasing tank pressures tha axit velocity increases until the
velocity at the minimum section ("throat") is equal to the local sonic
velocity. Under this condition the flow is said to be "CHOKED" or
WCRITICAL". If the tank pressura is further increased the flow is
still choked at the throat ard has a value consistent with the tank
condition; however, the pressure at the throat is no longer equal to
the atmospheric pressure, but is higher. The gas further expands from
this throat pressure to the atmospheric pressure. In this 'expansion!
region the velocity of the gas is further increased.

We discuss below the two conditions of flow of the gas through the
orifice, namely, (i) the subsonic flew in which the velovity of gas
every whers within the flow system is less than the local sound
velocity and (ii) the choked flow in which the flow rate is the
maximum consistent with the tank conditions.

The critical pressure ratio (r,) at which the flow is choked is given

'
X
Pa 2 (k=-1)
Yo = (Tprlerte ™ [YRETY (2.3.14)

Subsenic Gas Flow (r > r.)

When the pressure ratio given by equation 2.3.13 is larger than the
critical pressure ratio (equation 2.3.14) the flow is said to be
subsonic. Under these conditions the exit conditions are the sauwe as
the conditions at the orifice section (which represents the minimum
area of flow).

Velocity at exit is calculated using equation 2.3.12. The pressure at
exit is the ambient pressure. The density and temperature at exit are
given by ecquation 2.3.11. The area of the flow at exit is the same as
the area of the orifice.

The mass flow rate ( ﬁ ) is given by the following ecuation.

h o= Ay ey UL Y (2.3.15)

where the subscript H represents the conditions at the hole and Y is
the expansion factor given by the following expressions (Perry and
chilton; 1973, p 5-11) for nozzles and orifices in which the hole size
is small compared to the tank diameter.




[ \

1/2
X 1 = ptkeo1)/k
Y= (/0 | (2.3.16)
(X~1) l1-r

The valuas expected of Y for various values of (l-r)/k for orifices,
nozzles and venturies are given in the literature (Figure 5-14, Perry
and Chilton, 1973)., For large pressure difference (r = 0), Y ia
typically about 1, and decreases significantly for smaller pressure
differences between P; and B,.

In the case of an orifice plate, the axpansion factor Y for the
subsonic flow of (jas through the hole is given by

Y = 1 = 0,41 [(1-r)/K) (2.3.17)

While the nozzle allows for the streamlines to properly converge at
the exit, the orifice dces not provide such a mechanism. A typical
hole in a tank cannct be characterized by either type alone. Thus,
the expansion factor for the actual case can be expected to fall in
the range of values predicted by equations, 2.3.16 and 2.3.17,
respectivaly, for the nozzle and for the orifice.

Sonig (Choked) Gas Flow (r < r,)

The flow is choked and the velocity at the throat is equal to the
local sonic speed if the ratio of the atmospheric pressure to that of
the tank pressure is less than the oritical value given in equatien
2.3.14. Under thesa conditions, the overall flow characteristics
differ from those described above. Such a situation will prevail,
typically for small holes and high tank pressures.

The conditions at the throat can be described by the following
ecuations.

2

Tm = ®T 1 (2.3.18)
P,‘:.h - r P.r (2.3.19)
Uppy = & = /'F‘T"Em (2.3.20)
by = 2SR (2.3.21)

The choked mass flow (o1 the critical mass flow) is given by the
expresslor,

]
mc - p”‘ AN UTh Y (2.3.22)




In the above equations "a" represents the sonic velocity, subscript
“Th" indicates the throat condition and all other parameters have the
sane meaning as before. If we asmume that in the sonic flow situation
the "throat" is repressnted by the orifice then the conditions at the
exit (which are needed for the gas dispersion analyses) are determined
from the throat conditions and the fact that the gas has to further
expand to the atmospheric pressuras.

Defining,

r = P, /P
we can show that thae following expressions represent the exit
conditions for the gas (exit condition in this context is to be

r afde? as condition prevailing a few diameters down stream from the
orifice).

mg, = m (2.3.23)
Uy = Up + [(Pp- B A L/ m, (2.3.24)
1, - (DR g (2.3.25)
)y = xR, | (2.3.26)
: n

A, = -U-:“—p-.— (2.3.27)

whers the subscript "e" represents the exit condition of the gas. The
parameters given in equations 2.3.23 through 2.3.27 are used for
assessing the down wind dispersion of the gas stream.

Tank Pressure Variation With Time

In the case of a ligquid release through a small hole, we had assumed
that the flow does not change the upstream pressure head
significantly. The same cannot be said of the gas release situation.
Gas vented from a pressurized gas storaga reduces the tank pressure.
Assuning the gas in the tank to behave as ideal gas, we write the mass
balance equation as follows:

%—l:r- = = h(t) (2.3.28)

In the above equation, the mass of vapor in the tank (M,) can be
expressed in terms of tank pressure and temperature (ideal gas
equation). Mass flow rate on the RHS of the above equation can be
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expressed in terms of tank pressure and tank gas temperature
(Equations 2.3.15 and 2.3.22).

To solve for the tank pressure as a function of time, the tank wall
condition has to be specified; i.e., whather the tank wallis insulated
("adiabatic") or the tank gas temperature is maintained constant
("isothermal”)is to he specified. The tank prassure "blow down" under
these two conditions is analyzed below. Analytical solutien can be
obtained for the case when the flow rate out of the tank is critical.
We first define the following common parameters.

(]
L - characteristic (2.3.29)
e e /o blow down time

P - P/Py = ratio of tank pressure (2.3.30)
to initial pressure

r - t/t = dimensiorless time (2.3.31)

Isothermal Tank and Critical Mass Flow
This conditicn implies
T = T; = constant with time

Hancé, the mass balance Equation 2.3.28 can be written using the
perfact gas law as:

%t— %—% mo~ B (P,T) (2.3.32)

where ﬁc is the critical flow given in equation 2.3.22. Using the
Fquations 2.3.29,througit 2.3.31, we write the above equation in tha
norn~dinensional form as

-%1}1 . e pt p' = 1 at 7 =0 (2.3.33)
The golution is
p' =  P/B. w77 (2.3.34)

T

This equation will be valid until the tank pressure drops to such &
value that the mass flow rate is no longer critical.




Adiabatic Expansion of Tank Gag & Critical Flow
The relationship between the pressure and temperature for adiabatic
expansion of the gas

r p(1K/K o constant (2.3.35)

Substituting Equation 2.3.35 in Equation 2.3.32, using Equation 2.3.22
and the definitions in Equation 2.3.29 through 2.3.31, we get

vy 17k
d o (pH)EFTL/QB e p mlat rom 0
' (2.3.36)
The solution to the above equaticn is (for X > 1)
P! - 1 (2.3.37)

(ek/(k-1))
(1 e A8 .

Application of Gas Flow Models to a Specific cCage

The above equations are used to calculate the venting rates for the
relense of a pressurized ghlorxine gas from a tank, The following
conditions are assumed.

Tank Volume = V, = 0,13 n

Initial Tank Pressure = P, = 1 to 3 atm

Tank Temperature - = 300 K
assumed held constant)

Diameter of hole thru = D, = 0,035 m

which the gas escapes

The results from the above models are indicated in Figure 2.3.2. and
Figure 2.3.2. The mass flow rate and the density of the vapor at exit
are indicated in Figure 2.3.1 as function of the tank pressure. It is
seen that as the tank pressure increases from the atmospheric va’_ue
the exit mass rate and the exit gas density increase continucusly.
choking condition results when the tank pressure is 1.84 atmospheres.
For tank pressures above this the mass flow rate varies linearly with
the tank pressure as should be the case for a choked flow (see
equation 2.3.22).

In our calculations the exit condition is represented by that section
down stream of the orifice at which the pressure is equal to the
atmospheric pressura. For sub-sonic flow this condition occurs at the
orifice section, For the critical flow the atmospheric pressure in the
gas stream occurs a few hole diameters down stream of the orifice.

If the gas temperature in the tank is maintained a constant, the
temparature at the throat remains a constant when the flow is choked.

2-19
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This is because the pressura ratio attains the critical value (and
henca remains constant) and because of our assumption of perfect gas
behavior. VFigure 2.3.2 shows the ges axit velocity and the exit
temperature as functions of tank pressure. It is seen that the
temperature drops continuously and the gas velocity increases
continuously as the tank pressure increases. It is to be noted that
whan thé flow is choked, the velocity at tha throat is sonic
corresponding to the condition at the throat; however, the gas is
further accelerated from the throat to the "exit" section.

At 3 atmospheres tark pressure and 300 K temperature the total mass of
gas in the tank is 1.12 kg. It is also seen from Figure 2.3.1 that the
mass release rate initially for the above condition is 1 kg/s. At this
rata of mass flow the characteristic tank emptying time is about 1.12
s. From ecuation 2.3.34 it can be shown that the oritical flow lasts
for about 0.35 scconds and within this time about 40% of the mass

within the tank is vented,

4.4 LIQUID FLASH MODEL.

When a prassurized liquid stored at ambient temperature is released
into the atmosphere it "flashes"; i.e., a part of the liquid released
evaporates, spontaneocusly, to vapor. The vapor and the unflashed
ligquid at atmospheric pressure will be at the usaturation temperature
corrasponding to the atmospheric pressure. This temperature is lower
than the storage temperature. In thic section we discuss the equations
to calculate the mags fraction of the released liguid that flashes to
vapor upon release.

Consider the releass of 1 kg of ligquid stored at a pressure of P, and
temperature T,. It is assumed that the storage preasure is the
saturation pressure corresponding to the storags tempwrature. Assuming
the flashing to be an adiabatic process, we write tha following energy
balance equation on the unit mass of liquid chemical released.

hlﬂt

sat gac
g (Bp) = £ h, (P‘) + f2 h.e (Pa) (2.4.1)
£, + £, - 1 (2.4.2)
where,

£, = mass fraction of the chemical ruleased wnich is in the form
of saturated yapey, at atmosphieric pressure.

f, = Mass fraction of the chumical released which is in the torm
of liquid at saturation temperature, at atmospheric pressure.

P, = Atmospheric pressurs

F %3
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It can be shown from equations 2.4.1 and 2.4.2 that the fraction mass
of vapor produced is,

sat t
[ hy %y = ny* e )
fv - 1Y¢ M) (2.4.3)
a

In the abova equation A represents the heat of vaporization of the
liquid at ambient pressure conditions.

2.8 LIQUID POOL SPREAD & EVAPORATION MODELS
2.5.1 Dascription of Phymical Procans

A liquid spilled onto the ground spreads. The spreading will continue
unless the pool is contained by a dike wall or channaled into a sump,
or the liquid has spread to such an extent that its thickness is of
the same order of magnitude as the ¢ground roughness elements,
Dapending on the properties of the liquid and the ambient conditions
(ground temperature vis-a-vis the liquid temperature, wind, ambient
temperature, atc.), the pool may evaporate rapidly or slowly.

In this section, we discuss the spreading evaporation of liquid pools
on the ground. In Section 2.5.2, the evaporation of a high vapor
pressure liquid pool is discussed. These models are generally
applicable to non-cryogenic liquid releases. 1In Section 2.5.3, the
models and equations applicable to cryogenic liquid spills are
described. Where appropriate, both evaporation and spreading are
considered together.

The principal purpose of the models described below is to evaluate the
total mass rate of generation of vapor which then subsequently
disperses in the atmosphere. Vapors generated by an evaporating pool
are moved to the downwind aedge of the pool by the prevailing wind., A
wind uptake model describing this process is discussed in Section
2.5.4.

2:5,2 Neon-c¢ryvogenic Liquid Evaporation Model
2.9,2,1 The Evaporation Model

Consider tha evaporation from a pool of liguid depicted,
schematically, in Figure 2.5.1. The liquid pool is subject to heat
transfer from a number of sources such as the wind (convective heat
input), the ground, solar and ambient radiation, etc. If the net heat
input into the pool is positive, evaporation ~.curs. We write the
following energy balance equation for the liquid pool system under a
quasi-steady state condition (i.e., neglecting the changes in the
internal energy of the liquid).
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me (AA) (G + @+t - ) (4.5.1)

where,
r; = nags rate of evaporation
A, = pool area
;ﬂ = heat flux from the ground
&:‘ = heat flux into the pool due to solar radiation
&: = heat flux from diffuse atmospheric radiation

3

= convective heat flux from the wind

¢ ™ radiative loss of heat (per unit area) from the pool.

E J

Most of the heat flux terms are dependent on the liquid pool
temperature (T,). The value of T, is dotermined by the equilibrium
conditions (i.e., satisfaction of Equation 2.5.1) and has to be
determined by a trial and error scheme. The liquid temperature is,
however, expected to be between the normal boiling point and the
normal freezing point of the chemical. Described below are the
expressions for the various terms in the heat balance Equation 2.5.1.

Ground Heat Flux ()
Assuning that initially the ground is at a uniform temperature (T,)

and is warmer than the liquid temperature, we write the following
equation to estimate the heat flux from the ground (see Raj, 1981):

&0 - KG ( TG ) TP) (2.5.2)
¢ [Jx a., t + K. /h ] e
. G G c,L

where,
ag = thermal diffusivity of the ground

he, = natural convective heat transfer coefficient within the
liquid layer

t - time from the instant the liquid contacts the ground
In writing the above equation, it has been assumed that
a) one dimensional heat transfer theory is applicable:
b) the liquid pool bulk temperature T, does not change substantially.

2-24




Ille and Springer (1978) go to great lengths to estimate the heat
transfer coefficient hy | within the liquid layer. However, for non-
cryogenic liquid spills, it is found that the contribution from ground
to ths overall heat input is relatively small compared to that from
the wind. Also, in most cases of interest to this study, the liquid
layer is expacted to be relatively thin and, therefors, the natural
convective effects within the liquid layer (for transferring heat from
the ground surface to the liquid film) are negligible. In short, for
most . practical purposes, the heat transfer resistance due to the
natural convection circulation within the liquid film can be neglected
(i.e, . - =) such an assumption reduces the complexity of the model
substantially without compromis the accuracy of prediction of the
evaporation value. This is a significant difference between our model
and the model dus to Ille and Springer (1978).

2.5.2.2 Nek Radiation Exchange Betwean the Atmosphere and the Pool

The heat flux exchange between the atmosphere (at T,) and the pool (at
T, ) consists of two terms: qé, heat flux radiated from atmosphere to
the pool, and ¢', the heat flux emitted from the pool to the
atmosphere. Assuning that the atmosphere forms a hemispherical canopy
over tha pool enclosure, the view factor between the pool and the
atmosphere can be found to be unity. Under these conditions,

(X S 4

QU " Y%¢nm - pool - o T

‘A (2.5.38)

) ¢y

t, = oemiusivity of the atmosphare (assumed to be 0.75)
tp - enmissivity of the liquid pool (assumed to be 0.95)
0 = Stefan-Beltzman constant = 5,6697E-8 W/mlk*

It should be noted that the values assumed for the emissivities are
tentative, and no rigorous basis exists for their estimation. For
fully transparent media, one could assume the value of the
anissivities to be close to zero, and for radiately "black" media,
these values approach unity. It can be shown that the overall
contribution of these two terms, namely the net radiation flux for
heat axchange between the atmoaphere and the pool

] ' 10 v 4 s
QRaa = 94 = g = 0 C ey Ty =€y Tp) (2.5.4)

is much smaller than the other terms in the energy balance egquation,
and thus, the overall results are insensitive to the values selected
for ¢, and ¢,
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Convective Heat Transfer into the Pool by the Pravailing wind (g}

The wind, blowing at speed U, .4, over the liquid pool sets up a
forced convection bourdary layer. Heat is transferred across this
boundary layer by convection. The wind heat transfer coefficient,
h, g+ I8 normalized using the Nusselt number Nu = (h,,,4 1,/K,) where
1, s the length of the pool along the wind direction and K, is the
vapor thermal conductivity. For computational purposes, 1, is taken
to be the diameter of the circular liquid pool of area, A,. Thus,

1, =2 [A/n )2 (2.5.5)
From heat transfer correlations, Nu can be expressed as
Nusselt Number: Nu = 0.037 (Re%:® - 15500) Px'/3 (2.5.6a)
Reynolds Number: Re = (U, .g L)/ v (2.5.6b)
Prandtl Number: Pr w (v/a) (2.5.60)

where, v and a are, respectively, the kinematic viscosity and the
thermal diffusivity of the vapor emanating from the liquid pool.
Strictly speakinyg, one should use the vapor-air mixture properties (as
Ille and Springer do): our computations, however, indicate that the
error incurred in using the pure vapor proparties is not significant,
and it considerably simplifies the overall computational scheme.

The net heat flux for transfer from the ambiant air to the pool is
then given by '

% = Ding (T =) (2.5.7)
where T, is the ambient temperature.

Evaporative Loss from the Pool

The vapor is transferred to the ambient by mass tranafer through the
boundary layer. From mass transfer correlations, the rata of
evaporation is governed by the relation

m = h, A (¢ = o¢,) (2.5.8)

where h, is the mass transfer ccefficient, c, and ¢, are the
concentrations of the chemical (vapor) at the surface

(c, o (M, PP**)/(R T,)] and at locations very far from the pool. Using
the transport analogies between heat transfer and masa transfer, one
can express the nmass transfer coafficient as

h, = (v/1,] 0.037 8c"#/3 (Re®:® - 15500) (2.5.9)

where Sc is the Schmidt number (Sc = v/D), D is the molecular
diffusion coefficient of the vapor in air, v is the kinematic

2-26




viscosity of the vapor, 1, is the length of the pool, and Sc is the
Schmidt number. Thus, the rate of evaporation from the pool is given
by

n = (v/1,) 0.037 Sc"2/3 (Red-8 - 15500) * (2.5.10)
(Ap] * [(H, Pgar)/(RTy)]

Sclax Insglation to Liguid. Pool

The heat influx into the pool due to solar insolation is dependent on
parameters owch as the location of the spill, the time of day, cloud
conditions, etc. Algorithms are availuble with which one can evaluate
the total omrgy incident on the surtace by solar radiation, and these
are detajled in Chapter 4 of th ’ report. For the purpose of our
galghtiom of solar heat flux, , we adopt the algorithms outlined
n Chapter 4.

In general, the rate of mass loss from a non-cryogenic liguid pool is
low (compared to that in a cryogenic liquid) and therafore, for all
practical purposes, the pool spread can be modeled assuming a mass
conserved system. The gpread of an instantaneously released licuid
nass on a substrate has been modeled by Fay (1969) and Raj (1981). It
in smeen that the liquid spreads radially in three distinct ragimes:
namely, (i) gravity-inertia regime in which the gravitational
acceloration on the liquid mass is counter balanced by the inartia,
(11) gravity-viscous regime in which the gravitational spreading force
is opposed by the friction at the liquid-substrate interface and,
finally (iii) when the liquid film is very thin, the surface tension
forces becuma important.

For the purposes of downwind vapor dispersion hazard calculations
arising from the spill of a low vapor pressure, norn-crycgenic liquid,
it is conservative to assume that the tine tn spread to the final area
is relatively short compared to the total time to svaporate all of the
liquid. With this assumption, we use the following criteria to
detarmine the final liguid spread area for the case of an

instantaneously releaged liquid.

Dike area if the pool is diked
Final Spread Area = OR

The area of the pool when the mean film
thicknoss is equal to the ground roughness
element depth.

i R
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1
1
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In the case of a continuous ralease of a non-cryogenic liquid, we
asgume that the liquid film thickness is always equal to the mean
ground roughness height. Therefore, the pool area is dependent on
t

2.5.2.4 Example for a Non-Crvogenic Spill Evaporation

- Consider the spill of N,0, liquid at its saturation temperature of
! 294K. Other conditions ussumed are as follows:

Anbient Tamperature - 295 K (22°C)
Ground Temperature - 295 K
Wind Speed - 2 n/s to 12 m/s
Pool Area (assumed) - 100 n?
g Using the model presented above, the mass rate of evaporation (m) is

- calculated for variocus times after spill. These results for different
' wind speeds are shown in Figure 2.5.2(a). The pool temperature
. variation with time is shown in Figure 2.5.2(b). The kinks in the
Lo graph occur whers temperaturs iteraticns have hsen halted becausa the
- pool temperature is within one degree Kelvin of the freezing point.

It is sesn that at a wind speed of 2 m/s the evaporation rate
decreases from about 0.25 kg/s (9 kg/hr m?) at 1 minute to about 0.125
kg/s (4.5 kg/hr m?) at 30 minutes. Throughout this time, the pool
tenmperature drops constantly from 277 K to 263 K. In fact, it can be
seen clearly from Figure 2.5.2(a) that the evaporation rate is falling
off as the inverse square root of time consistent with Equation 2.5.2.

At higher wind speeds, the pool evaporation rate is higher for all
times and the pool temperature drcps more quickly than the 2.0 n/s
wind speed case. For examnple, at a wind ;P“d of 6 m/s, the
evaporation rate is about 0.45 kg/s (16.2 kg/hr m¢) at 1 minute and it
drops to about 0.27 kg/s (9.7 kg/hr m?) at 30 minutes. Tha pool
temperature also drops from 272 K to 262 K.

These results indicate that, at effect of heat and mass transter by
the wind on the pool evaporation rate is significant. Direct solar
: ragdiation may be important depending on the time of the year, location
5 of the spill and time of day.

» 24.5.2,5 Non=Cryogenic Spill Into a Diked Area

The model presented in the previous section (simplified Ille and
Springer Model) 1s applicable to cases wherein the heat transfer
exists from and to ground. If the heat transfer with the ground is
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negligible (insulated ground), or if the liquid released is at ground
tenperature, then the resulting equations can be simplified. The
results pressnted in this case pertain to non oryogenic case, wherein
the heat transfer from the ground is negligible.

The pool is of radius R, and height h. The dike size determines the
pool radius., It is assumed that, as the evaporation proceeds, the
radius of the pool is constant, and the height of the pool yradually
decreases from h, until the liquid in the pool disappears.

The material loss due to aevaporation m can be related to the wind
gpesd, U, ,qs ard the pool radius R,. The relationship is

m=h, [(P* M)/(RTp)] v R? (2.5.11)

whers h, is the mass tranafer coefticient, given by
h, = [v/2 Ry] 0.037 8c~2/3 (Re"+® = 15500) (2.5.12)
Re = (2 U, g Re/v) (2.5.13)

Tt should be noted that the above relation is valid for large Reynolds
numbers and where the heat and mass transfer boundary layers are well
developed, and may not be applicable for small spills.

Evaporation of nitrogen tetroxide (N,0,) was modeled using the above
simplified egquations and the results were compared with available test
data. TRC (1986) raport the results from a laboratory experiment to
determine N;0, evaporation. The test conditions and the measured
evaporation rate are indicated in Table 2.5.1.

Table 2.5.2 compares the results obtained with the above model with
those indicated in the TRC review report of the evaluation of various
8pill models. Tt can be observed that the results computed from the
above equations are in excellent agreement with the observed results.
Thus, we can conciude that, in Edgewood # 6 test, the dominant effect
is due to the convective boundary layer set up by the wind, and other
forms of heat transfer do not play a significant role.

2.5.2 Crvogenic Liguid Splll Spread & Evaporation Models

As explained in Section 2.2, a liquid spill is considered to he a
cryogenic spill if the temperature of the liquid is substantially
lower than that of the ambient ground temperature. In such a spill,
the haat tranafer rate from the ground is substantially higher than
that of transfer rate from any other process (wind, solar, etc.). A
finite volume of a coryogenic liquid spill irto an unconfined area will
result in gpread and evaporation very rapidly hefore the ground cools
off sufficiently to reduce the evaporation rate. However, in the case
of a diked spill, the evaporation is high in the beginning but falls
off rapidly as the liquid pool coonls the ground.
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Test: Edgewood #6 xeported by TRC (1986)

Subatrate: Stainless Steel tray 1.22 m x 1.22 m (square)
Volume Spilled: 0.03 m® (45.35 Kg)

Initial Depth of

Pool: 0.02 n
Initial Liquid
Tenparature: 268.4 K
Wind Speed: 5 8 n/s

Alr Temparature: 291.0 K

Measured Evaporation

Rate: 18.6 kg/hr

Modal Results (Ecuation 2.5,21)

Saturation Pressure of N,0, at 268.4 K = -26967.3 N/m

Liquid Denwity - 1511.9 kg/m

Vapor Density - 1.11 kg/m K
Schmidt Number - 5

Calculated Value of Reynolds # - Re = 2,03 x 10

Mass Tranafer Coefficient - h, = 11,1 w/hr K
Calculated Evaporation Rata # - N, ™ 18,11 kg/hr

(at 1000 s after spill)

* Note in our model because the heat transfer from the ground varies
with time, a particular time at which evaporation has to be ~
evaluated, has to be given. At times of the order of 1000 s, the
ground heat tranufer contribution is small and steady state
evaporation results for the above case.
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Table 2.%.2
LOMEARTSON _OF .RESULTS. FROM VARIQUS POOL EVAPORATLON
MODELS IN THE LJTERATURE (IRC, INC., 1986)

; Modol - , Computed Evaporation
Rate (kg/hr)
! Illinois EPA 64
. AWS Model 103
. Army Model 172
USAF ESL Model 59
=1lle & Springer 49
] Shell SPILLS 59
i~
B Predictions from equations
-3 (2.5.11) . 18.11
‘;g Exporimental Value 18.6
,




The evaporation and spreading of a cryogenic liquid released into &
diked area has been analyzed by Reid and Raj (1974). The spread and
evaporation of a cryogenic liquid . on land under n variety of
conditions has been modeled by Raj (1981). In these analyses, the
thermal boundary layer under a spreading liquid pool has beon
described, the heat transfer rate to the liquid 1 is calculated and
the coupling between the spreading (described by hydrodynamic
equations) and the evaporative mass loss has baen considéraed.
Expressions have been obtained to calculate the spread radius and
evaporation rate as a function of time for both instantanecus and
continuous releases., Also given are the maximum radius and time to
reach maximum radius.

Table 2.5.3 shows the resulte obteined. The Table defines the
parameters and provides equations for calculating the non-dimensionsl
radius c¢f pool, the volume of ligquid remaining and the rate of
evaporation from the pool for any spacified instant of time. Details
of the nmodels are not indicated here since they are described in
detail in the referrad techaical publication.

2.5.4  Hind Uptake Model

The vapors emanating from a liguid pool are swept by the wind and
carried downwind. Hence, at the dewnwind wdge of the pool the mass
flow rate of vaposs will be given by a time weighted integral of
evaperation rates from the various sections of the pool. For emall
radius pools and in cases where wind speed is high, the downwind vapor
mass flow rate iz aqual to the total evaporation rata. In cases where
these conditions are not true, the "transit" time of vapor from the
location of generation to the downwind of edge of pool should be taken
into consideration. A model is indicated below to calsulate ‘che vapor
source strength at the downwind edge of ths pool.

In this analysis, it is assumed that:

&. Thea pool is circular,

h. The gas released by licuid evaporation is immediately "picked up!
by the wind,

¢. wind speed is constant,

d. vapor moves downwind at wind speed,

e. evaporation rate varies with time, but is the same at all physical
locations in the pool.

Consider an alemental area of circular pool formed (Figure 2.%.3) by a

chord at upwind location x frow the downwind edge of the pool and of
width dx. Let m"(t) = evaporation flux at any time.
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Summzry of Model Regults for the Case of
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The total mase of vapor liberated in unit time by this elemental area
is

M(t) = Wdx mv(t) .
= 2R sine dx m"(t) (2.5.14)

A mass of vepor generated at time t-(%/U,,. ) arrives at the downwind
odge at time t. Hence, the total mass flow rate at the downwind edge
at any time t after the spill and beginning of the evaporation is

xorbD
ME) = [ W ax mOCEe (00, na) ] (2.5.15)
X =0
Noting that,
W o= 4%(2R, - X) (2.5.16)
X @ U,ing t or D (vhichaver is less)
ME) = 2 [ (x(2R=X)]V/T AN E=(x/U,(0g) ] X (2.5.17)

X=0
or, in non dimensional coordinafn,
n =7 or 1 (whichaver is lesas)
ME) =2 [ BO(E (e - m)) (1 0]'/2 (01" an (2.5.18)
n =0
whera;

t,. = tranait time = (2R, /U ).
n” = non dimensional 15;19'!:3' o (%/2R; ) (2.5.19)
and r = non dimensional time = (t/t,.)

If tha transit time t,, is amall compared to the evaporation and
dispersion time scales, then, the uptake model does not significantly
alter the calculated results. On the other hand, if this time is large
compared to the othar time scales, then one should include the wind
uptake model to correct the expected source strength values.

For calculating the vapor dispersion hazard from a continuous vapor
source, we assume a rectangular vapor source (see Chapter 5). In
order to be compatible with this description of the vapor source, we
define the vapor source width W; to be equal to the pool diameter.
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Estimation of the height of the source downwind is very difficult and
there are no models available in the literature. If the vapors
generated are heavier than air, then we calculate the vertical extent
or the depth of the source by the following formula:

H, - H, +2 0,(2 R) (2.5.20)
where,
H, - The vertical extent or the depth of source in the

case of pure vapor flow

H, -% (2.5.21)
Pv "s “w

o, (2R,) = Vertical diffusion coefficient for distance 2R,
assuning a stable atmosphere if the gases are dense
and a neutral atmosphere if the gases are lighter
than air (see Chapter 4).

and U, (H,) =  Mean wind speed over a height H,.

Hence, the vapor volumetric or molar concentration at the downwind
edge source is

H o
C' - ' (205022)
H, + 20,

The above equations completely define the vapor source for the
dispersion modsl both in geometry and strength.

The mass flow rate of air (R:I,‘ ;) at the sourca is given by,

My - o, U, W (20,) (2.5.23)

2.6 TURBULENT JET MODEL

2.6.1  Description of the Physical phenomena

Consider a pressurized, supersaturated licquid being released from a
pipe. At the pipe exit, as the pressure drops to tha atmospheric
value, the liguid flashes adiabatically into vapor and saturated
liquiid at ambient pressure. The flash phenomenon was discussed in
section 2.4.

Following the flash process saturated liquid and saturated vapor are
formed. A part of the liquid formed may rain out on to the ground
while the remainder is entrained into the vapor plume as fine droplets
of aerosol. A rapid expansion of the flow araa (from the pipe flow
area) results due to the significant reduction in the density of the
vapor-aerosol combination in the plume.
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Jet Phase of the Plume

The plume velocity at the pipe exit is generally likely to be higher
than that of the prevailing wind. The plume density will also, in
general, be higher than that of air. Depending on the osrientation of
the pipe axis relative to the wind direction, there will be an initial
"direction adjustmant" phase during which the jet direction is turned
around by the wind into its direction. Also, the plume being heavier
than air will disperse in contact with the ground. It will also
expexrience the friction from the ground.

For the model formulation purposes, we assume that the pipe axis is in
the direction of the wind, i.e., the jet flows down wind at release.
In such a case, as the vapor/aerosol material in the jet moves down
wind it entrains air from the surroundings. It experiences turbulent
shear drag at the wind-plume interface due to the difference in
valocities between air and the plume. Similarly, the plume is
subjected to ground friction. Because of the higher than air density,
the plume may also expand laterally. During this phase the air
entrainment rate is determined only by the plume velocity (axial). The
effect of friction, air entrainment and the interfacial drag is to
slow downi the plume velocity. Ultimately, the axial velocity in the
plume will be very close to that of the wind.

Poat_Jat _Phase Disversion

This phass occurs when the plume velocity is close to that of the
wind. In such an event, the entrainment due to jet effects are small
and entrainment will be influenced by the gravitational flow velocity
and the atmospheric turbulence. Of course, when the plume is dilute
(i.e., when the mean plume density is very close to that of the
ambient air) the dilution of the plume occurs due to atmospheric
turbulence only.

The above physical phenomena are modeled and described mathematically
in the following sections.

2.6.2  Mathematical Models

The models below correspond to the descriptions above. The initial
charactaristics of the liquid leaving the pipe/tank, and of the flash
that occurs are discussed in the first two sections below. The jet
phase (where the velocity of the plume is greater than that of the
wind) models follow in Section 2.6.1.3.




2,6.2.1 Initial characteristics of the Jet

In formulating the model to calculate the characteristics of the jet
very close to the pipe exit section, we make the following

a. The flow in the pipe is all liquid (and does not have a two
phase flow)

b. Flashing occurs immediately after the liquid exits the pipe.
¢. The process of flashing is instantaneocus.

d. The flow rate is steady.

e. The liquid is incompressible.

The f£low out of a pipe is modeled as if just upstream of the pipe axit
section the full tank pressure P, exits and that at the break there is
an orifice. 1In this view of the flow through the break, we can
further assume that there is no flashing of liquid on the down stream
side (of the pipe exit section) for a very short 1 and then the
flashing ocours. That is, for a short length there is a superheated
liquid (msee Figure 2.6.1 below).

The velocity at section BB (U;) in Figure 2.6.1 can be determined from
the following equation: -

(P1-P.)
Uy = q 2= g (- W) (2.6.1)

where ¢, is the velocity drag coefficient, P, is the pipeline
pressure, P, is atmospheric pressure, p,(P,) is the density of the
liquid at pressure P,, g is gravity, H is the height of the liquid in
the tank connected to the pipe, and H, is the height of the pipe.
Also, the mass and momentum continuity between sections BB and CC
gives the following result:

Ugy = U (2.6.2)

where U, is the jet velocity at section CC.

The ratio of the area at BB to that of the orifice AA (See Figure
2.6.1) was taken to be 0.6 (=C;), due to the expected vena contract
effects of the orifice. This result ylelds an expressions for the
area BB (A;), and the velocity of the fluid at AA (U,):
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Ay = C * A (2.6.3)

Y
U = h MG lac U, (2.6.4)

Ay oy Py A

where A, is the area of the orifice, M, is the mass flow rate at
section BB and p, is the liquid density at section AA.

2:.6.2.2 Initial Flashing in the Jat

The superheated liquid jet flashes once it is released. The fraction
of tha liquid that flashes to vapor (f£,) is found using the flash
models described in Section 2.4 The other initial parameters needed
for the ijct: model are the mass flow rate of the jet ( l, the density
of the jet (p.;), the fraction of the mass that is liquid aerosols
(£,c1), and the temperature of the jet (T,,). These are found using
the following equations:

My w My % (2, + 4 % 2)) (2.6.5)
'R .

fl,c! - (2, +4 %) (2.6.6)

Ter = Tgap(Pa) (2.6.7)

and

Py (B L1+ 4 (£,/1) ]

L+ 4% (8, /20 % (52 5%
where f; is the fraction of the liquid that doces not flash (l-f ), ¢
is the fraction of the non-flashed liquid that is entrained by the
vapor as liquid aerosols, T__. (P,) is the temperature of the saturated
vapor/liquid at atmosphef®¥ pressure, ,, is the density of the
saturated vapor, and p; is the density of the liquid, at atmospheric
pressure,

c, = (2.6.8)

2.6.2,3 Jat Formation and Air Entrainment

The jet phase of the dispersion is the period from just after the
flash, where the chemical plume has a velocity greater than that of
the surrounding air, until the velocity of the plume slows to match
that of the surroundings. The principal features of the model are
indicated in Figures 2.6.1 and 2.6.2. The assumptions made in
formulating the model follow.
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Assumptions
It is assumed that:

a. The jet cross section is rectangular.
b. One face of thea jet is in contact with the ground.

c¢. All properties within the jet (velocity, density,
temperature, etc.) are uniform at any given sections. That
is, a "top hat" distribution profile is assumed.

d., The normal jet entrainment law is used for air entrainment in
both the horizontal (top) face of the plume, as well as the
side faces of the

f. The pressure gradient in the plume axis direction is
negligibla.

g. Steady state flow is assimed

h. The wind velocity varies with height above ground. This
variation depends on the stability of the atmosphers.

i. Gravity slumping of the cloud in the horizontal direction is
taken into consideration.

Models

The models ars developed considering the situation shown in Figure
2.6.2. A mection of the plume (of width dX) at a distance X from the
jet reloase point is examined. The mass and momentum equations are
written for the control volume as shown in the figure. We write the

following equations with respect to an inertial coordinate system
(stationary with respect to the ground).

Maas continuity

‘i‘he equation for mass continuity botween the sections at X and X+dX
8,

- I

- 4+ y 2.6.9
" L M e ( )

where tha masa of air entrained at the top of the plume per unit
length in the axial direction is:

]
Ma,'l‘ m o, a W ijr‘d(H) - U | (2.6.10)




and the mass of air entrained on the two sides of the plume per unit
length in the axial diraction is:

[
H"z m 2 p, o HY med(l{) - U | (2.6.11)
The parameters in the above equations are: p, is the density of the
entrained air, o is the centrainment factor for a turbulent jat
(velated to the semi-angle of the plume), W is the width of the plume,
H is_the height of the plume, U, ;.4 (H) is the wind velocity at height

H, T,,, (H) is the average wind velocity over the haight cf the plume,
and {'Jc 1- the plume axial velocity.

Momantun_ Equation

A (MU )

— . ' (2.6.12)
" Upina ()M, o 4 Uy g ()R, o+ W¥ryLp = Wirg

where the thear stress induced by the wind on the plume is:

Py ™ O Pa 1V () = gl Uy (H) = Ue) (2.6.13)

and the ground friction shear stress is:

e = re (0 U)? (2.6.14)
¢, and c, are constants and p, is the density of the plume at X.

Equation 2.6.12 can be re-written using equations 2.6.9, 1.0, 11, 13,
and 14 and noting that:

L4

Mc - Pe Uc Wc l'lc (2 o6 15)
giving:
dUc Py 1
2aH ¢ U2

T[Uwind‘“) “Ue ] |Uyypg () =Ug| = (2.6.18)
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T
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This equation for U, is solved for all values of X with the initial
conditions:

Ue = Uy

Ho = Hyy )
g at X = 0 (2.6.17

Lataxal Plume Expansion dve to Gravity
The rate of lateral expansion due to heavy gas effects is given by:

m (2.6.18)
ax U,

where k is the Froude number, taken as a constant approximately equal
to 1 and the fractional density deviation, a', is:

A' = (p/p, = 1) (2.6.19)

It ashould be noted that the flow area of the jet increases not only
because of the increase in mass flow due to air entrainment, but also
due to the reduced jet velocity caused by ground friction and the
strean mixing shear force. The lateral gravity spread does not change
the flow cross sectional area; it changes the ratio of the width to
the height of the plume. This ratio, or shape factor, changes with
distance from the source. :

The valocity in the plume at all downwind locations X oan be
deternined by integrating the differential equation above (2.6.16).
This was done using the Runge-Kutta method in the computer program.
In addition, the equations above were non-dimensionalized betore being
implemented in the programs.

2.6,3  Raesults from the Jet Model

The results obtained using this model are shown in Figure 2.6.3. The
values of the cosfficlents chosen for use in the computer model were
selacted by comparing model predictions with the data from the Desert
Tortoise 4 Ammonia release fleld test. The two sets of coefficients
which were used to generate the figure are listed in Table 2.6.1. The
second set was implemented in the computer model.
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FIGURE 2.6.3 Comparison of Jet Dilution for Different
Coafficients with Desert Tortoise 4
Ammonia Release Field Test Data

TABLE 2.6.1 Entraimment Coefficients Used in the
Jet Models to Generate Figure 2.6.3.

Coefficient Set No, 1 Set No. 2
a 0.16 0.065%
¢, 0.006 0.006
G 0.1 0.05
k 1.07 0.85
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CHAPTER. 3
THERMORYNAMIC MODELING
22l INTRODUCTION

Many different types of behavior are possible for a chemical vapor
cloud containing aerosols. Reactions may occur with the air or with
the water vapor in the air, for exampla. The physical and chemical
states of the air-chemical vapor cloud Gepend on parameters such as:
the quantity, state, and tamparaturae of the chemical initially
present; the quantity, temperatura, and relative humidity of the
entrained air; the quantity of heat exchanged between the cloud and
its surroundings (ambient air, ground); etc. The chemical state of the
vapor cloud also depends on the extent te which possible chemical
reactions (dissociation, reaction with water, etc.) take place. The
physical state of the cloud, after equilibhrium with the entrained air
is reached, is characterized by its temperature, average density,
total vo.ume, and chemical composition. The various chemical species
in the cloud may exist in different phases. Depending on the chemical
released, some of the reactions may be so slow that they may be
neglacted in the dispersion calculations. Other reactions may be fast
compared to the dispersion time scales, so that chemical egquilibrium
can be expected to prevail and the distribution of the various species
in the resulting cloud can be calculated using thermodynamic
calculations.

This chapter deals with such considerations. The role of chemical
reactions in a vapor-air c¢loud is determined by the final
tharmodynamic equilibrium state of the system, which depends on the
initial conditions of the system (mass and nature of chemical present;
quantity, temperature, and relative humidity of entrained air; heat
exchange with the surroundings;: etc.). The cloud is treated as a
closed system and allowed to come to thermodynamic equilibrium
(except, as noted above, for very slow reactions), and the final state
of the cloud is therefore determined. By this approach, we assume that
the turbulence characteristics and the resulting mixing that might
prevail in the cloud do not influence the extent of chemical reactions
and vice versa. Since this approach can be adopted for any chemical
(reactive or otherwise), we follow, as outlined in the next section, a
generic approach applicable for chemicals under consideration in this
study, namely nitrogen tetroxide, ammonia, chlorine, phosgene, sulfur
dioxice, and hydrogen sulfide.

Depending on the environmental conditions prevailing at the spill
location, the chemical is stored under one of many possible statas
(pressurized or non-pressurized, gas or liquid, etc.). The spill can
result in the formation of either: a vapor cloud coutaining all of the
chemical stored (instantanecus release), or a vapor plume (continuous
release), As the chemical vapor cloud is moved downwind, it is diluted
by entrained air. The thermodynamic state of the cloud at every
instant 1s assumed to be determined by the equilibrium calculations.
These calculations are also used in the estimation of the source
strengtli of the chemical following its release.




3.2 CLASSIFICATION OF CHEMIGAL REACTIVITY

The role of chemical reactions possible with the mixture conasisting of
the released chemical and atmospheric air and water vapor must be
considered in conjunction with the dispersion mechanisms prwailing in
the gas cloud. Important parameters in such atmospheric chemical
reactions are the extent and effect of solar insolation, air (and
water) temperatures, rresence of large pools of water (such as lakes
and oceans) in centact with the cloud, the nature of the cloud itself
(asrosol fraction and its associated liguid-vaper interface area), and
the time scales of motion and chemical reactions. There is a vast
amount of information collacted in the fileld of atmospheric chemistry,
but these deal with chamical reaction time scales much larger (days,
months) than those of interest in dispersion calculations (hours,
minutes). Thus, the types of chenical reactions pertinent for
dispersion are only a subset of those considered in the field of
atmospheric chemistry.

The c¢loud formed may be heavier than air and contain liquid aerosols.
The chemical may not react with the air or water vapor and its liguid
aerosols may not dissolve appreciably in liquid water (e.g. chlorine).
In this case, the entrainment of air into the cloud lowers the vapor
concentration and consaquently lowaers the chemical partial prassure.
The aerosols evaporate at the expense of the sensible heat of the
¢cloud and, in the absance of any external heating, depress the cloud
temperature. The density of the cloud may increase due to the lowering
of temperature.

Other chemicals may behave this way under certain circumstances, but
they may also behave differently if liquid water drops are present in
the cloud (due to rain, fog, snow, or water droplcis from a fireman's
hosa) . A classic example of such a chemical is phosgene. If no ligquid
water is present in the cloud, phosgene vapor and phosgene liquid
aerosols are not reactive with moisture vapor in the atmosphere. If
liquid water drops are present due to condensation or other reasons,
however, phosgene liquid aerosols readily dissolve in water forming
hydrochloric acid drops and carbon dioxide vapor. This type of
behavior obviously has a profound influence on dispersion predictions.

A second type of chemical behavior is exemplified by the release of a
chemical whose vapor 1is quite soluble in water (e.g., anhydrous
ammonia). In this case, the cold vapor-acrosol cloud formed after
raelease condenses moisture from the atmosphere. The anhydrous aercsols
dissolve in the condensed water forming aqueous liquid aerosols. These
liquid droplets can persist for a long time if the partial pressure of
the chemical over a dilute aqueous mixture is low.

The third type of behavior involves sp~i.taneous dissociation and/or
reaction of a chemical with the moisture in the atmosphere to produce
new chemical species. These new specles may condense, depending on
their partial pressure, and form liquid chemical aerosols. These
formations have profound effects on the vapor cloud temperature,
density and, of course, cloud size. Hazards may be posed by the
secondary product chemicals as well as by the primary chemical. The
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asrcsols formed may be stable and peraist for a considerable distance.
- In addition, the asrosols may extend the region over which the cloud
belisves as a heavy gas. An example chemical for this type of kehavior
is nitrogen tetroxide (N;04). It forms nitrogen dioxide by
dissociation and it forms nftric acid aerosols due to reaction with
-the moisture in the atmosphere. The nitric acid further interacts with
water and forms aqueous nitric acid aerosols which mey persist until
considerable dilution of the cloud has ococurred. :

It is clear from the above brief discussion that chemicals which form
liquid aerosols and/or react influence the physical make up of the
diapersing cloud and have effects on the density, tenperature, and
species concentrations. A significant number and veolume of the
chenicals used, stored, and transported by chemical and other
industries are reactive and stored under pressure (therefore,
producing liquid aerosols when released into tha air by accidant).
Unfortunately, most of the tests c¢onducted and the thanraetical
analyses developed have been concerned with the dispersion of chemical
clouwds that are non-reactive and/or do not contain evaporating
asrosols. The reason for this is the complexity of the dispersion
phenomenon and the difficulty in understanding even simple of cases.
Non-reactive dispersion models may not always provide reasonable
egtimates of the area of hazard and the type of hazard. Very faw
modeling efforts have been undertaken which include the effects of
chemical reaction and/or aerosol presance.

Based on the interactions of relavant chemical reactions and
dispersion, it is thus possible to classify the chemical released in
one of three categories: (I) The first type, termed ‘'passive!,
irtvvolves chamicals that have no significant chemical transformations
within the time scales of interest. The released chemical in vapor
form and aerosol, if present, is transported in a downstream direction
as a passive tracer, its concentration decreasging with distance ard
time due to the increasing entrainment of ambient air. Liquid
aerosols, if any, will evaporate due to air entrainment. Examplaes of
such chemicals are chlorine, phosgene, sulfur dioxide and hydcogen
sulfide etc, (II) The second type, termed '(water) soluble', involves
those chemicals that have a strong solubility in water condenssed from
the atmosphere. The presence of liquid aerosols in such systems will
serve to dissolve some of tha chamica) vapor into the condensed watar.
An example of such a case is ammonia. (III) The third type, termed
‘reactive' involves significant chemical and phase transformations
with atiospheric water vapor and thus the production of chemical
species very different from that released. Examples of such chemicals
are nitrogen tetroxide and silicon tetrafluoride. This type, which
includes both physical and chemical changes, is clearly the most
complex o0 analyze.

3.3 GENERIC CLOUD CONGENTRATION (CIUDGC) MODULE

In order to decouple the chemical reactions from the dispersion
processes, we have developed a generic approach. At each stage of
dispersion, the closed system consisting of initial mass of chemical
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reloased and the total amount of air entrained from ths time of

relaude 'up to the time of interest, is allowed to come to

fHermodyhamic  equilibrium in the presence of the prescribed heat

xchange  with . the surroundings. Thase concepts are implemented in a

..
'---g:nwic- progran module called CLUDCC (for CLOUD ConCantration), which
- &

afines the thermodynamic equilibrium state of the system conmisting

Cof A 'given m4at of 'initial conditions (mass and tamperature of the

chamical and the entrained air, net amount of heat input etc.). The
f£inal state of the system is characterized by the concentration of all
the reactants and products in various phwses (solid, licquid and vaiar)
48 well as the final mixture temperaturs and density. The equations

that govarn thies final-thermodynamic state are dependent. on the

chemical’ released. Y¥or type I chumicals (discussed above), which do
not undergo any physical or chemical transformations, the final
tenperatura is altered by the sensible heat erfects, and the final
material composition will bs identical to that of the initial =state.
For type II chemicaluy, ons should consider the effects of solubility
and ‘associated anergetics, and for type III chemicals, both mass and
eriergy conservation laws must e solved to determine the final state.
0f the chemicals considered in this study, chlorine, fhougone,
hydrogen sulfide and sulfur dioxide are of type I, ammonia is of type
II, and nitrogen tetroxide is of type III.

The ganeric CILUDCC is detined as a subroutine with a prescribed input
and output specification list. The input parameters are:

CH a threc character chemical code

MCH the total mass of chemical vapor and aerosol (Kkg)

FLI the mass fraction of liquid aeroscl in cleud or plume

TCH temperature of chemical before mixing with air (K)

MAIR the mass of air entrained in the cloud or plume (kg)

TAIR the dry bulb temperature of the air (K)

RH the relative humidity of the air (%)

Q net heat input (+) to or extraction (=) from the chemical-air
mixture from/to the surroundings (J)

The output parameters are:

TMIX temperature of the mixture after reaction (K)
RHOMIX overall density of the mixture (kg/m)

VOLMIX volume of mixture at 1 atm pressure (m*)

NSPECS numbar of chemical species in the final mixture
SPLIST an array of three lettar chemical species names

csoL an array of mass fractions of each species in the solid
phase

CLIQ an array of mass fractions of each species in the liquid
phase

CVAP an array of mass fractions of each species L1 the vapor
phase

The last three arrays include the mass fractions of all the individual
spacies present in the system as well as the total mass and moles
presant in each phasa. The first species in the array is water, the
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is very low (10™'% atm?), and thus the extent of the chlorine
hydrolysis reaction is essentially zero. The reverse of 3.4.1, known
as the Deacon process, is comercially used to produce chlorine.
Chlorine dissolves in and reacts with liquid water as follows:
Cl, (g0 = Cl (aq)
? h - 4 (3.4.2)
Cl, (aq) + H,0 = CL + H + HOCl

The physical absorption step is usually described by Henry's law,
(cl,,aq) = Hp (3.4.3)
where p is the partial pressure (bar) of chlorine over the aqueous
phase, [] denotes concentration (gmole/Z), and H is Henry's Law

constant (gmole/4L-bar) .

If reaction 3.4.2 attains equilibrium and water is in excess,

K = (c17) (K") (HOCl] / [C€1;,aq) = [C1T13/(CL;,aq) (3.4.4)
The total concentration of chlorine in the agueous phase (C] is

comprised of the dissolved form [Cl,,aq)_and qplorin. in the reacted
forms. If there is no other source of C1 or H, then,

(c1™] = [H"] = [HOCL) = (€] - [CL,,aq) . (3.4.5a)
or
K= ( [C] - [C1;,aq) )} / (Cl;,aq) (3.4.5b)
Using equation 3.4.3,
[€C) = Hp + (KHp)'/3 (3.4.6)
g&itney and Vivian (1941) reported the values of K and H at 293 K to
H e 0.t

The second taerm on the RHS of equation 3.4.6 indicates the increase in
the equilibrium solubility of chlorine due to the chemical reaction
(3.4.2).

The kinaetics of liquid phase hydrolysis reaction are rapid (Sherwood,
et al., 1975; Eigen and Kustin, 1962), and normally diffusional
processes within the liquid phase control the rate of chlorine
absorpcion. For small water droplets in a cloud of chlorine and air,
it is reasonable to assume a conservative situation where all droplets
are saturated. We note, however, that the solubility of chlorine in
water is low and little chlorine would be lost from a vapor cloud.




e e k.

second is air, the third is the primary chemical released, and then
follow any other chemical species formed by the chemical reactions.

In the following sections, the detailed thermodynamic analysis of the
six chemicals under consideration and the results obtained are
presented. The case of passive type I chemical releases are considered
firat, followed by ammonia (type II) which displays considerable
solubility with water. The case of nitrogen tetroxide release (type
III) is treated last.

3.4 PASSIVE CHEMICAL (TYPE I)

In this section, we consider the thermodynamic equilibrium associated
with the passive chemical-wet air mixture. The chemicals traated here
are chlorine, phosgens, sulfur dioxide and hydrogen sulfide. For each
of these chemicals, the relevant chemical reactions are described in
detail. In all these cases, it is observed that the solubility of the
chemical in water and the possible chemical reactionr are not
significant. The treatment of thermodynamic calculations involvas the
energy changes associated with condensation of the chemical or the
atmospheric water. This treatment is detalled in a common section
following the description of each of the chemicals. Finally, the cloud
tenperatures and densities calculated for various conditions
encountered in practice are discussed.

3.4,1 chloxine
Background

Chlerine is a gas at normal ambient conditions, but it is transported
as a presaurized liquid. The normal boiling point is 239.1 K and at
293 K, the vapor pressure is about 6.9 atm. The pressurized liguid
chlorine will, upon release, flash to ambient pressure in essentially
an adiabatic manner. An enthalpy balance foi.' the flashing process
indicates that about 20% of the liquid flashes into vapor. Some ligquid
may be entrained as an aerosol while the remaining would pool in the
immediate area and subsequently evaporate. Thus, the source strength
of a spill is determined by the quantity of chlorine in the flash
cloud (with entrained aerosol) and the quantity in the vapor from the
evaporating pool. The chlorine, vapor and aerosol, is mixes with air
at ambient temperature. This mixing of the cold (239 K) chlorine
saturated vapor cloud with the warmer ambient air could cause water
vapor in the air to condense and/or freeze. Thus, in addition to any
chemical reactions, we must consider the energetics due to phase
transformations when dealing with chlorine spills.

Cheviical Reactions
Chlorine and water do not react in the vapor phase at ambient tempera-

tures, even in the presence of light (Cline and Forbes, 1938). The
equilibrium constant for the gas phase reaction:

2H,0 + Cl, = 4HCl + O, (3.4.1)




For example, consider pure chlorine mixed with saturated air (RH=100%)
at 293 K. Each kg of this saturated air at 293 K would contain about
0.014 kg of water. If all of this water condensed, and equilibrium
solubility were achieved, only 0.0001 kg of chlorine would be removed
from the cloud. Also, the low concentration of Cl, (ag) and the
reaction products would not significantly affect the propertiea
(density, etc.) of a water mist.

Thus, it can be concluded that the chemical reactions in the chlorine-
water system do not significantly affect the cverall process. Due to
the low temperatures however, the energetics involved in the various
phase transformations of chlorine and water are important.

2.4.2 Ehongens

Bagkaround

Phosgene (COCl,) is normally stored as a pressurized ligquid. Its
normal boiling point is 281.4 K. Since its boiling point is near
normal ambient temperatures, a phosgene vapor cloud which mixes with
air is not expected to decrease the temperature of the mixture
significantly. Therefore the water in the air would not condense under
most conditions.

Reaction with water

The only reference found in the literature for gas phase hydrolysis of
phosgene involved relatively high temperaturas and low concentrations
(Gaisinovich and Ketov, 1969). They suggest that the reaction order is
about unity for both phosgene and water for the hydrolysis reaction:

COCl, + H0 = CO, + 2HCL (3.4.8)

The rate constant (k) is given by:

K (4/gmole-min) (3.6 x10%) ¢(~6020/T)

(3.4.9)

The reaction is very slow at or near ambient temperature. Thus, for
our purposes, we can assume that phosgene does not react with water
vapor.

Few inveatigations have been conducted to measure the reaction rate
between phosgene and liquid water. Béhme (1941) states that the
decomposition in liquid water is very rapid. Rona (1921) discusses its
use as a war gas and states that liquid water "practically at once"
destroys phosgena. Kirk and othmer (1982) note that it reacts with
ligquid water and that care must ba taken to keep the storage cylindars

dry.

Manogue and Pigford (1960) reported on the quantitative aspects of the
phosgene-liquid water system by absorbing phosgene gas into a laminar
water jet. They were primarily interested in the mass transfer aspects
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of the problem, but thay had to correct the phosgene concentration in
the agquecus phase to allow for decomposition by:

COCl, (ag) + H,0 & €O, (g) + 2H* + 2017 (3.4.10)

They assumed a pseudo-first order reaction since water was in great
excess:

d Goc12/at = =k Goc12 (3.4.11)
Where concentration (Cye¢(2) is for the aqueous phase.
Values of k; and phosgene solubility reported for one atmosphere

pressure are given in Table 3.4.1. Also shown are estimated
solubilities of phosgens in water under one atmosphere pressure.

TABLE 3.4.1 Values of k, and Phosgene Solubility
at One Atmosphere

Terperature K Sclubility
(°C) (1/s) (gwoles/2 atm)
15 ~ 3 0.109
25 ~ 6 0.069
35 22 U.046
43 75 0.027

The values of k, indicate that the reaction is very rapid, and thus,
the controlling effect is probably due to mass transfer. For exampla,
at 1 minute following the contact of phosgene with liquid water (at
25°C), the concentration of the remaining phosgene in the aqueous
phase, C = C*¢(=360) {g very small. (In the absorption experiments,
the contact time was probably on the order of or less than one
second.)

The solubility values indicate that the quantity of phosgene which
would dissolve into water condensed from air is small. At 25°C, 1 kg
of wet air at 100% relative humidity contains 0.02 kg of water. If
this water were to condense, the mass of phosgene that would dissolve
into the liquid would be 0.0014 kg. In addition, since the normal
boiling point of phosgene (280.7 K) is near ambient temperatures,
there is little chmnce that the contact with phosgene would condense
as much water from the atmosphere as chemicals with lower boiling
points. Thus, it can be concluded that while the phosgene-water
reaction is very fast, the total quantity of phosgene removed by water
in the atmosphere would be quite small. It should be noted that this
conclusion may not hold if the environment contains a sufficient
quantity of liquid water, if for example, the spill occurred in a rain




storm, or if there was water spray from fog nozzlaes, or if the spill
was on a lake or ocean, etc.

d.4.3  Sulfur Dioxide
Bagkground

Sulfur dioxide (80,) is transported as a pressurized liquid. Its
normal boiling point is 263.2 K. Due to the fact that the boiling
point is low and the molecular weight is higher than air (64 compared
to 29), the saturated vapor density is about 3 kg/m® (2.5 times that
of ambient air). Thus, 50, clouds would be dense and difficult to
disperse.

Chamical Reactions

Sulfur dioxide is quite stable. It does not react with oxygen or water
in the vapor phase uriless tamperatures exceed ~ 700 K and a catalyst
is present. If liquid water is present, some S50, will dissolve. In
solution, 80, is believed to exist in two forms, non-ionized and
ior.iaod’, both of which are in equilibrium, according to reaction
(3.4.12). .

80, + Hy0 = H;S0; = H' + HS0, ™ (3.4.12)
For the ionization,

K = [H"] [HS0;”)/ [H,80¢] v2 (3.4.13)
and, since [H"'] = [HSO, BY

(HSO; ] = ( K [H;80y] )V/2/q (3.4.14)

where y is the mean ionic activity coefficient for the hydrogen and
bisulfite ions. We define

C, ™ concentration of non-iocnized 80,, i.e., H,80,, [g 80, /kg H,0)

C; = concentration of lonized SO, i.e., HSOy, [g S0O,/kg H; 0]
and assume
C, = Hp (3.4.15)

where H is the Henry's law constant (gmole/:~Pa) and p the partial
pressure (Pa) of SO, over the solution,

The total dissolved $0,, C (g SO, /kg H,0), is then given by
Cm=cC, +C (3.4.16)

Accounting for the conversion of concentration, [], from molar units
to mmass units,

C = Hp + 8(HpK)'/2 /4 (3.4.17)




Pearson et. al. (1981) suggest correlations for H, K, and v as
n H = 3150.93/7 - 17.7170

An K = 1941,84/T - 10,8569 (3.4.18)
y=1«-0,5 (KHp)'/2 when (KHp) < 0.1

As an example, consider the case where the partial pressure of soé is
1.013x20° Pa (1 atm) and the temperature is 273.2 K. At this
temperature, H = 0,00206 and K = 0.0235. The value of (KHp) = 4.92,
and thus 7y = 0,82, With these parameters, we get

C, = Hp = 209.0 g 80,/kg H,0
C, = 21.64 g S0,/kg H,0 (3.4.19)
C = 230.67 g 80,/kg M0

To place the mulfur dioxide solubilities in perspective, assume the
cold 80, cloud mixes with air at 293 K and 100% rolative humidity. At
this temperature, the wet air contains about 14.6 g H,0/kg air. If
this water were to condense and be cooled. to thae lowest possible
temperatura possible (273.2 K, where the 80, solubility is the
highest), then, with a partial pressure of S0, = 1.0132x10° Pa, -
209, €, = 21.6, and C = 230 g 80,/kg H,0. Thus (230) (14.6/1000) = 3,4
g SO0, would be dissolved in the water. This result corresponds to an
extrame casa. As more air is entrained (with its additional water),
the partial pressure of S0, would drop so that the total 80, lost to
the condensed water would not vary appreciably.

It is also interesting to note that the vapor pressure of water over
solutions with dissolved £0, is essentially the same as for pure
water. This fact allows one to treat the water condensation step
independently from the 80, dissolution step in any calculation of the
final state after mixing with wet air.

Pearson et al. (1951) also quote values of 409 J/g SO, as the heat of
solution for non-ionized 80,, and 252 J/g 80, for the foat of solution
of lonized SO,. For the case discussed above, the heat of solution of
80, is 1274.8 J, with 1198.3 J due to non-ionized Soi, and 76.5 J due
to ionized SO,. It can also be noted that for the temperatures
involved in dispersion analysis, the ionization, as described by the
reaction is not a significant component of the overall solubility.
This is evident from the data shown in Table 3.4.2. In addition, the
anount of 80, dissolved in water is seen to dacrease as the
temperature increases. Thus, the thermodynamic state of the sulfur
dioxide~water-air mixture can be estimated from energetics
considerations alone.
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TABIE 3.4.2 Distribution of SO, Dissolved in Water

Non-Icnized 80 Ionized SO, Total SO,
Texpexature Q C c

(K) g 80,/kg H,0

250 609.6 51.4 661.0
270 232.6 4.3 263.8
290 107.2 12.6 119.8
310 53.1 7.18 60.25
330 28.7 4.3 3.0

i.4.4  Hydregen Sulfide
Background

Hydrogen sulfide is stored as a pressurized liquid. The normal boiling
tenmperature is 212.4 X and, at 293 K, the vapor pressure iz about
1.78x10° Pa (17.6 atm). Thus, in spills, this matarial would flash
vaporize and form a cold, dense cloud.

A phzse diagram for the hydrogen sulfide-water system is shown in
Figure 3.4.1 (Sellick et al., 1952). A majority of studies have
emphasized the high pressure domain of H,8 and water. Using limited
data, we have, however, expanded the low-~pressure region in Figure
3.4.2. The gquadruple point denctes the state where gas (G) is in
equilibrium with an acueous phase (L,) and two solid phases, a
hexahydrate (S,) and water ice (8,). ﬁ\u point is at 272.9 K and
9.3%10* Pa prassure (of H,S). Depending upon the conditions after
mixing a cold H,8 cloud with water vapor, various equilibrium states
could be achieved. But, with air dilution, the pressure of H,5 would
certainly be well below 10° Pa, so except for unusual situations, only
a gas phase with water ice would be present.

Chemical Reactions

H,8 does not react with water vapor at the temperatures and pressures
of interast. It is, however, flammable so fire is always a
possibility. It is also soluble in liquid water. Again, most studies
have been conducted at high H,8 pressures where several investigators
have detailed the properties of the H,8-H,0 system (Pohl, 1961;
Burgess and Germann, 1969), Linke (1958) s, however, presented
solubilities at lower H,S partial pressures. To correlate these data,
the following mechanism is assumed.

H,S () = M8 (aq) (3.4.20)
H,8 (ag) = HS™ + H' (3.4.21)




& /
] .
190 2
AQULOUS LIOWO . -
! g Liouio
9 we 8 )
SOLIDA M8 LIGUID g rons
; (11} 3 o (4 [
i AAEOVE LAVD .
} + OAR
3‘.. 3 = 1
Kuetren vony
SUADAURL POINY '
00 ! ;
!lw . k
1o i r:
~ o SRHLIZEN | v e 51980 ,
o e &’iﬁ__—m— ety :
: S0L1D + A8 vy N uj."g !
d u (T Yl Vb b1
[ YT 2 .
L ab hd H
" 5 a8 1

" e
reustantune ¢

" Figure 3.4.1: Pressure-Temperature Diagram for :
Hydrogen Sulfide-Water System at '
lLiow Pressures

Ref. Source: Selleck, et al., 1952

10
G = Cas
Ly = Aquecus Liquid
8y = 801id Hydrate
.A = Water Ice
o

Pressure (Pa)

L L 1 4 1
-20 =40 [} 11 ] 0 40

Tamparatura (°C)

Figure 3.4.2: Low Pressure Region for H,S-H,0
2 2
Phase Diagram




3
e o e

For reaction 3.4.20, a Henry's law treatment is employed,
(K, 8,aq]) = Hp (3.4.22)

vhere (H,S,aq] represents ths concentration of molecular H, S dissolved
in the solution. p is the partial pressure of H,3 and H is Henry's law
constant.

For reaction 3.4.21,
XK= (H8") (H") /(H,8,aq] (3.4.23)
Agssuming no other source of H' or HS~ than from the dissociation of

H 8,
(Hs™) = [(H'] = ((8].~ (H,;S,aq)) (3.4.24)

where [S] is the total sulfur concentration in the solution. From the
above, we can derive,

(8] = Hp + (HKp)'/? (3.4,28)

Thus experimental data may be correlated by plotting (81/p'/2? wvs.
p'/?., Using this analysis and Linke's data, we obtained the constants
at various temparatures. While this technique provides good estimates
of H, it is not particularly accurate for determining K, as the values
obtained are very sensitive to the exact manner which the data
correlation lines are drawn. The values of H and K obtained in this
manner are shown in Table 3.4.3.

TABLE 3.4.3 Henry's Law (H) and Equilibrium (K)
Constants for H,S~H,0 systen

Temperature H K
'C (gmole x10%/2-Pa)  (gmole/s) x 10°
5 1.68 1.9
10 1.40 4.2
20 1.06 7.4
30 0.89 = 0
40 0.72 0.3

The K values at 5, 10 and 20°C appear reasonable, but the results at
higher temperatures are probably low. The ratio (Hl(f)‘/ 2/18] indicates
the enhancement of the H,S solubility due to the ionization reaction
(3.4.21). As the ionizatf.rm reaction baecomes more important, however,
the non-ionized H,S solubility decraases, and, thus, the overall
solubility decreases. This is shown in Figure 3.4.3. For the peak
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golubility shown (5°C and 1 bar H,S partial pressure) the solubility
is 0.17 gmole/t or 5.8 g H,S/kg H,0.

In sumary, H,S flashing after a spill would most probably freeze the
water in the entrained air, humid air. Under conditions of extreme
dilution in the vapor phase due to added air, the liquid phase is
usually absent, thus saliminating the dissolution of H,S. Thus, in most
cases, the problems in the estimation of K do not lead to significant
errors in the calculation of H,S dissolution. It can be concluded that
the chemical reacticns in the hydrogen sulfide-water system do not
significantly affect the overall process.

3.4.5 Thermedvnamic considerationg

The final state of the passive chemical-air-water cloud depends upon
the relative quantities of these components and the energy exchange
with the surroundings. We consider the case where a specified quantity
Moy (kg) of chemical iz mixed with a specified quantity of wet air
Myix (kg) with a given relative humidity RH (%), and with a specified
energy input Q (J). From an overall net enthalpy balarce for the
iscbaric mixing process, we can determine the final state. Using
equilibrium relationships and partial pressures of the various
species, we can ascertain whether condensed phases (ligquid chemical,
liquid water, or water ice) are present. Since the final temperature
of the system is unknown at the outset, we determine the enthalpy of
the system at various end states. These e.d states can be
characterized by considering the mixing process of the chemical-wet
air mixture. The thermodynamic calculations are illustrated here for
the case of the reprasentative chemical chlorine mixed with ambient
wat air. The analysis is identical for other passive chemicals.

Initially, the liquid chlorine flashes to produce a cloud of chlorine
vapor with entrained liquid chlorine aerocsols. Before any air is mixed
in, the liquid and vapor chiorine are in equilibrium. For ambient
pressure (1 atm), the temperature of the cloud (T,,) would be
chlorine's normal boiling point of 239 K. As air is entrained, the
partial pressure of chlorine decreases and, if liquid chlorine is
present, evaporation occurs. These two processes have opposing
effects. The inclusion of warmer air and the condensation and freezing
of water tend to increase the temperature, the chlorine evaporation
decreases the temperature. Initially, the latter step is dominant, and
the cloud temperature decreases. This trend continues as additional
air is entrained until all the liquid chlorine is completely
evaporated. The cloud temperature is then below 239 K and all water is
in the form of ice.

When no liquid chlorine remains, the temperature ‘increases as more
warm air is entrained into the cloud. As this contirues, some ice
sublimes so as to maintain its equilibrium vapor pressure. Wwhen the
temperature reaches 273.2 K, the ice converts to ligquid water, and
above this temperature, water is present in liquid and vapor forms.

The scheme adopted here allows for various final domains from a given
initial state, depending on the circumstances and the extent of energy
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transfer with the surroundings. We define the inlet conditions by
specifying: a) the quantity, temperature, and relative humidity of
the ambient air; b) the quantity of chlorine flashed, its liquid
aerosol fraction, and its temperature; and c) the quantity of energy
input into the cloud from the surroundings. We use “hese data, with
appropriate equations representing the enthalpies of chlorine (vapor
and liquid), water (vapor, liquid, and solid) and air (vapor) as
functions of temperature, to calculate the "initial stream enthalpy",
H, (Joules). No mixing is assumed to have occurred yet, so the
property values of purs chlorine and air are used in the computations.
We add to H,, the given energy input, Q (J). The sum H; + Q represents
the total stream enthalpy at any time, and thus is equal to H,, the
final mixed stream enthalpy.

When carrying out a calculation, one does not know (at the start)
which condensed phases are present. To overcome this difficulty, we
first bracket the dohains and compute HF values at the extreme
conditions of each domain. This allows us to determine the appropriate
temperature range for the final mixture. The cloud temperature and
the state of the system can bs cbtained by a numerical iteration
process. Based on the earlier discussion, we can identify several
domains as shown in Table 3.4.4. '

TABLE 3.4.4 Species Phases in a Humid Air-Chlorine
Mixture at Various Temperatures

Domain Temperature Range (K) Phases Present
I 273.2 to T*AT(P,, ) Cl, (9),H,0 (g,4)
I | 273.2 cl, (9),H,0 (g,4,8)
III TSAT (P, cy) to 273.2 cl, (g),H0 (g,8)
Iv Below T*AT (P, oy) Cl, (g,t),H,0 (8)
where

T‘”(Pvp'”) - Saturation temperature for the chemical vapor
partial pressure P, .

SAT (Pyp,y) = Saturation temperature for the water vapor partial
pressure P ,

We begin with domain I and calculate H, at both extremes. If H,+Q lies

between these extremes, we know the solution lies in domain I.

Otherwise, we repeat this procedure for other domains. Identification

of the domain defines the final physical state of the cloud, the

ti::mpezgture, cloud density, etc., can then be obtained by numerical
eration.
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3.4.6  Thermodynamic Properties

In this section, we include the relationships used to compute the
specific heats air and of water in the vapor, liquid, and solid phases
and the vapor pressure of liquid and solid water. The thermodynamic
properties of the six chemicals modeled are calculated using the
property database functions which are discussed in detail in Appendix

To calculate the enthalpy of air at a given temperature T,,, (K), we
assume that air consists of 79 mole & N, and 21 mole % O,. The heat
capacity of air was taken as the mole fraction average of the pure
cemponent values. These pure component G* (in J/mole=K) values are
iven in Table 3.4.5 (Reid, et al., 1987). The molecular weight of air
s taken to be 28.9 kg/kgmole. Thus the C.° in (J/kg=-K) can be found
by multiflying the per mole values by (1000/28.9). The enthalpy of air
is obtained by integrating C_°dT, with 273.2 K as the refersnce
temperaturas.

To calculate the enthalpy of water vapor, the egquation for C,* (in
J/kg-K) given in Table 3.4.85 (Reid, et al., 1987) is integrated as
C,"dT. The reference temperature was chosen to be 273.2 K, liquid
water. The enthalpy of vaporization is chosen as 2.5x10° J/kg. For the
enthalpy of liquid water, the relationship used for integration was
obtained by fitting the data given by (Horvath, 1973). This relation
is also in Table 3.4.5 and 273.2 K liquid water was used as the
refarence state.

For solid water, the data from steam tables (Keenen and Keyes, 1936)
was fitted to provide a relationship. The reference state used was
liquid water at 273.2 K. The enthalpy of fusion was 3.339x10° J/Kg.
The enthalpy H(T) is:

H(T) = =6.3490x10° + 98.85 T + 3,671 T  (J/kq) (3.4.26)
Another property that is needed in the calculations is the vapor
pressure, P,, (N/m? ), of liquid and solid water. Correlations for this
property are given in Table 3.4.6.

TABLE 3.4.5 Heat Capacities of Air and Its Component Species

C,* Equation (a+bx10"2T+cx107%T2+ax10787%)

Chemical a b c d units
N, 31.15 -1.357 2.680 -1.168 J/gmole K
0 28.11 -3.680 1.746 =1.065 J/gmole K
Air 30.51 -1.072 2.484 =1.146 J/gmole K
Air 1058 -37.16 86.11 ~39.73 J/kg K
H0,4p 1790 -10.68  58.58  =~19.97 J/kg K
H 04 q 5420 -1281. 1982, J/kg K
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TABLE 3.4.6 Vapor Pressures of Liquid and Solid Water

in P, =a-=b/T P, in Pascals, T in K
Water
Phase a b
Liquid 25.7710 5288.39
Solid 28.8078 6118.05

3.4,7  gCalculation Scheme

The actual thermodynamic calculation steps for a chemical release are
outlined in this section.

consider the situation wherein M,,, kg of wat air at temperature T,,,,
atmospheric pressure P, , and relative humidity RH, (containing gcg
of dry air and kg of water), is mixed with M., kg of chemical at
temperature T,, with a mass fraction f as liquid aerosol. In addition,
we define the '&allowing terms:

Hyp = gnthalpy of dry air in the final mixture (J)
Hoyge = enthalpy of the liquid chemical in the final mixture (J)
Hoyyr ™ enthalpy of the chemical vapor in the final mixture (J)
Hygr = enthalpy of the solid water in the final mixture (J)
H,s¢ = enthalpy of the liquid water in the final mixture (J)
%\,, = enthalpy of the water vapor in the final mixture (J)

A = molecular weight of air (kg/kgmole)
MW, = molacular weight of water (kg/kamole)
MW., = molecular weight of the chemical (kg/kgmolae)
Pyp,w ™ vapor pressure of water at a given temperature (Pa)
Pvp‘ ¢y "™ vapor pressure of the chemical at a given temperature (Pa)
P, = atmospheric pressure = 101325 Pa
RH, = relative humidity of the equilibrium mixture
Nyor = total number of moles in the vapor
Tuix ™ final mixture (equilibrium) tempaerature (K)
M,y¢ =™ mass of water vapor in the final mixture (kg)
M,y = mass of water liquid in the final mixture (kg)
Misr = mass of water ice in the final mixture (kg)

wyg ™ mass of chemical vapor in the final mixture (kg)

wor ™ mass of chemical liquid in the final mixture (kg)
Yui = mole fraction of water in the vapor initiall{
Yt = mole fraction of water in the vapor at equilibrium
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Given the initial mass of wet air and relative humidity, the mass of
dry air and water present initially are given as

Yot = RH; * [P, (Ty g )/P)
My =M, * (1, )01 + v % (MR, /MW, ) - 1] ] (3.4.27)
M =M, M
The relative humidity of the final mixture is given by:
Nroy = ([(Mgy/MWgy) + (M,/MW,) + (M,/MH,)] * 1000
Yot = (M,/MW, )*1000/N;q¢ (3.4.28)
Ry = Yy¢ * (Pa/Pyp,u(Tuix)) |
If the calculated RH, is greater than 1, then we have watar pronnt in

condensed form as well. In such a case, saturation of water in the
vapor requires the following relation to hold:

Yyt *F, = Pyp,v

Byop,u = (Myyp/MR)*B /[ (Mg /MWy )+ (M /MW, )+ (M, /MH,) ]
Rearrangement gives .

Movr = [Brp,u/ (Pu=Byp, y) 190 (M y /Mg %800, 4 (M, /M, ) 98, ] (3.4..30)
and

Mg =M - My (3.4.31)

where P,, , is evaluated at the system temperature. Similarly, in
order to calculate the distribution of chlorine in liquid and vapor
phases,

(3.4.29)

Pop,cu ™ [(Moyype/MAgy ) %P, 1/ (Mo yyp /MWy )+ (M /MW, )] (3.4.32)
Rearrangement gives,

Moyve ™ [(M /MW, )*MW ] * Pyp, cw/(Pa=Pyp, cu) (3.4.33)
and

Mewar = Mon = Meyvy (3.4.34)

vhere P, .y is calculated at the system temperature.

The general anthalpy balance ecuation beccmes,
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where the final enthalpy is given by
H =M ¥, + Moyye*Hoyve + Moyge*Hoype +

Move MHyyy + Mg *Hy g + Mg *H,

Depending upon which domain the final mixture is in, one or the other
terms in the above equation will be zero. In domain I, all chlorine is
in vapor tom, while water is in liquid and vapor forms (273.2 < Ty,

< T8AT (P, . Thus, M, and M,,, are zero. In domain II, chlorir
is a vapoi- whilc water il preunt In gas, liquid and solid forms. 'Ihe
temperature is 273.2 K. In this cass, H%,, ¢ = 0. In domain III,
chlcrino is a vapor, and water is presen n solid ice and vapor
(TSAT (P ) € Ty(x < 273.2). Thus, M, and M, are zero. In
dmin I\;l cr:lorim il present both as liquu and vapor, and all water
is present as vapor and solid ice. (Ty;x < TAT (Pyp . Here, M,

is zero. We first calculate H, at thc tmp.raturu that divide tfm
domains. By comparing these calculatod H, 's with the value H; +Q we can
identify in which domain the final nixture lies. Then, numlrical
temperature iterations are done until H, is close to H,+Q (within 5%)

and the final temperature and other cloud paramtcru (donuity, etc.)
are found.

2.4.8 Results and Discussion

Figures 3.4.4 (a) and (b) illustrate the effects of increased entrain-
ment of ambient wet air‘and the initial chlorine sercsol fraction on
the final system temperature and density. One kg of saturated chlorine
with aerosol fraction, £, (0%, 20%, and 50%) is mixed with increasing
amounts (0.001 kg to 1000 kg) of wet air at 300 K and relative
humidity of 75%. Adiabatic conditions are assumed (Q = 0).

(3.4.36)

Figure 3.4.4a indicates that with 0% aerosol fraction (only chlorine
vapor in the mixture initially) the final system temperature increases
monotonically with increased entrainment of warm, humid air. At
(Myir/Mey) = 1, ths system temperature is about 285 K. If liquid
chlorine is present initially, entrainment of ambient air results in
ligquid evaporation and thus the syatem temperature decreases. For an
aerosol fraction of 20%, the system temperature falls to as low as 230
K. For £ = 50%, the minimum temperature is about 215 K (My;n/Mey ~ 1).
This decrease in cloud tenperature is due to the evaporation of the
ligquid aerosol, and the cloud temperature reaches a minimum when the
last drop of the liquid chlorine aerosol evaporates. The temperature
subsequently increases rapidly as more warm, humid air is entrained
into the cloud. At (M,,./M.,) above 100, the temperature of the system
is essentially that of 'the ambient air. The condition (My1n/Mew) > 10
is' typically achieved relatively quickly after a chemicai vapor cloud
is rele sed. Thus, for practical purposes, one might be able to assume
that the final temperature of the system to be the same as that of the
ambient air in the dispersion region and simplify the calculations,

Figure 3.4.4b shows that the density of the cloud decreases (for f =
0%) monotonically from about 3.5 kg/m’ (M,,,/Mcy = 0.001) to 1.2 kg/m®
for large entrainment values. The behavior is similar for other
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aerosol fraction values as well, but the cloud densities are higher
due to the presence of significant liquid in the system. Again, for
(n;,“. /Meu) > 10, the cloud density is very close to that of ambient
air,

Figures 3.4.5 (a) and (b) illustrate the effects of lowering the
relative humidity of the entrained air on the results shown in Figures
3.4.4 (a) and (b). The relative humidity here is 25%, versus 75% in
previous case; the other conditions are identical. The cloud
tenperature and density show similar bshavior, although the cloud
temperature is slightly lewer than that for the previous case. There
is no significant change in the cloud density since the fraction of
water in ambient air is not very large (most of the mass of wet air is
due to dry air).

Figures 3.4.6 (a) and (b) illustrate the effecta of lowering the
temperature of the entrained air on the results shown in Figures 3.4.4
(a) and (b). The air temperature is decreased to 260 K, versus 300 k
in the previous case; the othar conditions are identical. The cloud
temperature and cloud density show similar behavior, i.e., for £ = 0%
the cloud temperature increases monotonically from T,, to T,;,. For
higher values of f, the temperature decreases first ané then increases
as more wet air is entrained, hecause of increasing liquid
cvapfration. Again, there is no significant change in the cloud
density.

Figures 3.4.7 (a) and (b) illustrate the effects of lowering the
temperature and relative humidity of the entrained air on the results
shown in Figures 3.4.4 (a) and (b). The variations in cloud
tenmperature and density are similar to those discussed in the previous
cases,

Figures 3.4.8 (a) and (b) illustrate these results for a relaease of
phosgene at its normal boiling point. The initial conditions are 1 kg
phosgane at 281.4 K, mixed with air at 300 K, RH = 75%, The general
behavior of the system is similar to that of chlorine release. With f
= 0%, the cloud tenmperature rises and cloud density declines
monotonically with increased entrainment. At higher f values, the
cloud temperature drops initially, followed by an increase. The cloud
density decreases, as it did for the chlorine release. Similar
behavior is also seen for the cases of other chemicals as well
(Figures 3.4.9 (a) and (b) for sulfur dioxide and Figures 3.4.10 (a)
and (b) for hydrogen sulfide). Differences in the actual temperatures
and densities arise due to the differences in their thermodynamic
properties.

The passive (type I) chemicals behave similarly as shown above. When
the ratio of the mass of entrained air to the mr.s of released
chemical is large (M,,;,/M;y, >> 10), as is usually encountered in
atmospheric disperaions, the cloud temperature and density approach
those of the ambient air. Furthermore, all of the chemicals have a
higher (than air) density at low M,,,/M., ratios, indicating that
these chemicals behave as heavy gases, at least initially. The higher
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densities ares due to entrained aercsols, decreased temperature due to
aerosol evaporation, and higher molecular weights than air.

2.5 AMMONIA (TYPE IXI)
2.8.1 Bagkaround

Ammonia (NHy), a very widely used chemical, is transported and stored
as a pressuiized liquid. Its normal boiling point is 239.8 K and the
liquid has a vapor pressure of 10.4 atm. at 300 K (7.6 atm, at'290 K).
Due to the relatively high vapor pressure of ammonia stored at ambient
temperatures, liguid ammonia escaping from a pressurized tank will
vigorously flash and much of the liquid released will be in the form
of fine aercsols (Raj, 1982).

Amonia is quite soluble in liquid water. At 293 K, for example, with
a partial pressure of ammonia = one atm., the weight fraction of
ammonia in solution is about 0.33. The solubility increases as the
temperature is lowerad.

Kaiser and Walker (1578) modeled the consequences of mixing ammonia
asrosols with air. Based on computations by Haddock and Williams
(1978), they assumed that the effect of water in the entrained air
could be neglected when the aerosol fraction was large. They do
state, however, that this assumption is invalid at low aerosol
fractions. Raj and Aravamudan (1980) did account for the reaction
chenistry between ammonia aerosols and water condensed from the
entrained air.

3.5,2 NHy_= Water Reaction Model

If humid air is mixed with a cold ammconia and water condenses, a
significant quantity of ammonia is found in the water. Also, the
solution process is exothermic with some 700 kJ evolved for the
dissolution of 1 kg of ammonia to form a 20-40 weight percent
solution. To treat the equilibrium and energetic aspects of the
ammonia-water (vapor-ligquid) system, detailed property correlations
are necessary. The partial pressures of both ammonia and water in
equilibrium with an agqueous solution deperd upon the temperature and
ligquid composition. The specific solution enthalpy is also a function
of the same two variables. Therefore, an enthalpy balance employed to
calculate the final state after mixing ammonia (vapor plus aerosol)
with humid air must allow for the dissolution proceas as well as the
enthalpy changes to form ammonia solutions. If no water condenses,
then the final thermodynamic state of the cloud is relatively easy to
compute, The calculations done are the same as for the passive (type
I) chemicals described in Section 3.4.

One conceptual question for the ammonia-water solution is if a solid
phase (water or water-ammonia) would exist. Water-ammonia solutions
have low freezing points, e.g., from about 30 weight percent ammonia
to pure liquid ammonia, the solution freezing point is ~ 190 K.
Equilibrium considerations would dictate that solutions would appear




in the temperature region 273 K > T,;, > 190 K, but shock cooling
could well form some solid water ice. Without definitive data, we have
opted for the "equilibrium" case and, thus, have asaumed cold (<273K)
solutions of water and ammonia exist as a liquid solution.

In our thermodynamic analysis, M., kg of NH, is released with a mass
fraction, £, of aerosol at temperature T,y - The anmonia vapor-aerosol
is in vapor-liquid equilibrium at 1 atmosphere pressure. This is mixed
with M,;, kg of wet air consisting of M, kg of dry air with an
absolute humidity AH (kg H,0/kg dry air). Energy input from the
environment is specified as Q (J). ‘

In the calculations of the state after mixing ammonia (vapor and
aerosocl) with humid air, one should consider if (i) pure, liquid
anmonia exists, and (ii) if a condensed aguecus water and ammonia
solution .is present. To show that liquid ammonia is present, one must
demonstrate that the partial pressure of ammonia in the vapor is
greater than the vapor pressure of pure ammonia at the system
temperature. Similarly, to show that water is present in the ligquid
phase, one must prove that the partial pressure of water in tha vapor
is greater than the partial pressure over saturated anmonia-water
solution at the syatam temperature. The system temperature is itself
determined from an enthalpy balance wherein one equates the total
initial enthalpy of ammonia plus humid air to the final mixture
enthalpy plus any energy input from the environment.

We begin by calculating tha temperatura (T*AT (Pyp,y)) above which no
condensed phase exists. This is the dew point for water, assuming that
the more volatile component (ammonia) will be the first to evaporate.
At the dew point, the partial pressure of water, Pyp,ur is:

Pyp,u ™= Py W(AHWM, /MW, ) /[ (ARAM, /MW, )+ (M, /MW, )+ (M, /MW, )] (3.5.1)
where the parameters are tha same as described in Section 3.4.7 abovs.

An overall enthalpy balance is then computed where the total initial

enthalpy (H,) plus the energy added (Q) is equal to the final total
enthalpy (H,).

H, +Q = H, (3.5.3)

where H, is calculated at T*AT (P . ) and the properties of ammonia-
air-vater vapor mixtures are used. 1f H, > H, + Q, then we conclude
that the actual final temperature lies below T*AT(p,, ,) and a
condensaed phase is present. Otherwise, the final atate is a
homogeneous vapor mixture.

In the case where liquid a phase exists, we need to solve the material
and energy balances by an iterative process. The initial enthalpy of
the oystem is given by

Hy = My *(1=L)*Hpy  +Mey *E¥Hpy g +M, *C, T, | o +M, *¥AH¥H, | (3.5.4)




where

Hop gy ™ Initial specific enthalpy of the ammonia liquid (J/kq)
gwvi ™ Initial specific enthalpy of the ammonia vapor (J/kg)

Hyy: = Initial specific enthalpy of the water vapor (J/kg)

= Specific heat of air (J/ky=-K)

= Initial air temperature (K)

The final enthalpy is given by

Hy = (Moy pr My g ) ¥Hpp + (MoyyptMyyp ) *Hyy + M#C Ty, (3.5.5)
vhare

Hy, = anthalpy of liquid in the final mixture

H, = enthalpy of vapor in the final mixture
Tuix ™ final system temperature

A
Tarn

The ammonia vapor and water vapor specific enthalpies and the liquid
ammonia, ligquid water, and agueous ammonia specific enthalpies, are
found using a special subroutine (H20NH3). This subroutine contains
data for the enthalpies of saturated water-ammonia mixtures at various
(ammonia + water) partial pressures and ammonia mass fraction in the
liquid phase. When the partial pressure of the ammonia and/or water
vapor (P,, ¢y+P,, ) and the mass fraction of the liquid that is
ammonia (i{,. }?Mc”ﬂﬁ‘s)aro input into the subroutine, the enthalpies of
the liquid and vapor phases (H,;, and H,), the temperature (T,,,), and
the mass fraction of the vapor that {s 'armonia Mewve/ (Moyvetuuye))
are calculated by interpolating stored data.

By using the subroutine H20NH3, and an iterative procedure, one is
able to solve ths energy balance equation to obtain the final system
tamperature as well as the final thermodynamic stata.

2.5.3  Results

Figure 3.3.1 shows the variation of density of ammonia vapor and
entrained liquid sercsol mixture when saturated liguid is released
from various storage temperatures. This shows that the density of
ammonia and entrained aerosols can be greater that the density of air

(pa1n ™~ 1.2 kg/m’) . Thus, heavy gas effects must be considered in the
dispersion of such releases.

Figures 3.5.2 (a) and (b) illustrate the computed results for the
ammenia-humid air thermodynamic analysis. M., kg of ammonia (50 wt% of
the liquid remaining after the flash is entrained as liquid in the
vapor and aerosol mixture) at 239.8 K is mixed with M,,,’ kg of humid
air at 300 K and relative humidities of 0, 50, and 1005&. The masa of

humid air/mass of ammonia is shown on the abscissa. This ratio is
varied from 0.01 to 10000; increasing the ratio corresponds to more
dilution by air. In Figure 3.5.2 (a) the calculated cloud temperatures
are shown. The temperature decreases initially as the liquid ammonia
evaporates. After the liquid ammonia has evaporated, the system
temperature increases and approaches that of the ambient air. This
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behavior is similar for all three relative humidities shown. The cloud
temperature is higher for mixtures that have higher ambient air
relative humidities. At the higher humidities, more water is present
in the air, and, thus, more heat is released into the cloud from the
ammonia dissolution in the water. This results in a higher cloud

tenmperature.

In Pigure 3.5.2 (b), the corresponding cloud densities are plotted. As
shown, the densities is initially around 2.6 kg/m' and it decreases as
air is entrained. Thus, heavy gas effects must be considered in the
dispersion analysis.

Figure 3.5.3 shows the computed results for the ammonia-humid air
thermodynamic analysis. M., kg of ammonia (950 wts vaper and 10 wtd
aerosol) at 239.8 X was nixed with M,,, kg of wet anbient air at 300 K
ard relative humidity of 100%. The mass ratio of humid alr to ammonia
(M R/M;,) was varied from 0.01 to 10000, as shown on tha abscissa.
On the ordinate, the mass fractions of the various components present
at equilibrium are shown, with the sum of the mass fractions for each
phase equal to one. The mass fraction of ammonia in the vapor phase
decreases as the quantity of air entrained increases. The mass
fraction of liquid ammonia also decreases during this process. This is
clu:::;y due to the increasing effect of dilution of the ammonia in the
system.

The mass fraction of the liquid phase components are also shown in the
figure. For low ratios of air to ammonia, most of the' water condenses,
and thus, there is a negligible water vapor component. As the quantity
of air entrained increases, however, the water also begins to
evaporate, and as (Mér!‘,t /MH‘\) > 100, all the water is in vapor form.
It can also be seen that the liquid ammcnia mass fraction decreases
during the time the water concentration increases in the range
(My n/Mey) = 0.01 to 10. This indicates that the dilution effect of
the entrained air is much more pronounced than the tendency of ammonia
to be scluble in liquid water. This is consistent with our earlier
assumption that the water will be the last to evaporats from the
liquid phase. In addition, as M,,,/M;y approaches 100, the dew point
of the water is reached and all of the liquid evaporates, as shown by
the nearly vertical H,0 (aq) line at that point.

4.6 NITROGEN TETROXIDE (TYPE III)
d.6.1  Background

There is an overwhelmingly large body of literature dealing with the
oxides of nitrogen. Most papers, however, are concerned with the role
thru oxides play in air pollution or ‘.. the production of nitric
acid.

The air pollution literature was examined primarily to ascertain if
any of the well-studied reactions were pertinent to the current
problem. It was concluded that the air-pollution time-scales are much
longer. Also, photochemical reactions play a key role in air
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pellution studies, but such are not relevant here. An excellent
review of the air pollution literature is, however, available
(Seinfeld, 1980) and the topic is discussed in American Petroleum
Institute's report (API Manual, 1977).

The second major area is concerned with the system 0O,~NO-NO, ~liquid
water and the concomitant reactions and mass transfer aspects in
producing liquid nitric acid. While such material is not directed to
reactions between vaporized (spilled) N,0, and humid air, some of the
resesarch conducted in gas-phase reactions are indeed pertinent to the
present study.

2.6.2  Nitrogen Oxides Involved

Many oxides of nitrogen have bean studied. By various techniques they
are all interconvertable from one to another. The principal oxide of
interest here is the tetroxide, N;0,. The properties of N,0, are
detailed in a publication from Horcu'ln Chemical Company (1968).

In the liquid - or vapor, N,0, is always considered to be in
equilibrium with nitrogen dioxide, e.q.,

The time constant for reaction (3.6.1) is less than one microsecond.
Often one spoaks of tha "chamical" NO, in a mixture of NO, and N,O .
This is interpreted to mean (NO, + 2(N;0,)] as though all material
were in the dioxide form. ’

The oxides N,0, NO;, and N, Oy are either unstable or difficult to form
from N,0, and are not considered in this study. The last oxide, NO,
plays a role in the NO, =N, 0, reactions with water.

1.6.3 Chamical Reactions Relevant to tha N.Q, =NQ,~H,Q Syatem

N, 0, and NO, form an equilibrium mixture which freezes at -11.2°C and
boils at 21.2°C at atmospharic pressure. At the freezing point, the
solid is essentially all N,0,, but the liquid contains 0.03 parcent
NO, by wt. At the normal boiling point, the liquid contains 0.13
wcight percent NO,, and the vapor contains 16 weight percent NO,. The
digsociation of gaseous N,0, to NO, increases from 20 percent at 27°C
to around 90 perceant at 100*C. Above about 60*C, secondary reactions
begin, for example:

2NO, = 2NO + O, (3.6.2)

Since these temperatures are not characteristic of ambient conditions,
such secondary reactions are not considered here. In additi~.., for the
time scales of interest, temperatures, and concentration levels
expected after an N,0, spill, oxidation reactions (either chemical
with O, or photochemical) are noglected.

The principal reactant, therefore, is water (present as a vapor) in
the entrained air. There is considerable controversy concerning the
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reactions that do occur with water as well as to the macroscopic
bshavior of the aystem following the addition of humid air to an N,0,
cloud.

In a simplistic sense, the following reaction may be written

3NO; (9) + H,0(g) = NO(g) + 2HNOy () (3.6.3)

As shown, reaction (3.6.3) applies to the gas phase. If the nitric
acid concentration increases to a sufficiently high level, a liquid

phass should form. At 20°C, the vapor pressure of pure is
8600 Pa (42 torr), thus the partial pressure would, presumably, have
to exceed this value to form a liquid phase of pure acid. England and
Corcoran (1974), however, state "about 50 ppm of HNO, at atmospheric
pressure and ambient temperature" are necessary for the threshold of a
two-phase region. This translates to only 5 Pa partial pressure HNO, .
Clearly if HNO; nucleates, then water (and perhaps N,0,) would
dissolve in the acid mist droplets.

One of the early studies of reaction (3.6.3) was made by Goyer (1963).
His work was, howvever, more qualitative than guantitative. He
saturated a N, stream by bubbling it through liquid N,0,. 1If
equilibrium were indeed attained, the stream would have heen
essentially pure "chemical" NO, since the vapor pressure of liquid
N,0, at 20 °C is ~ 96,000 Pa (720 torr). This stream was mixed with
humid air. He usually chserved the formation of an' acid mist-
although this mist often disappeared if the relative humidity (RH) of
the entrained air wers low. It is difficult to interpret his few
graphs, but he does show that reaction (3.6.3) is rapid, with time
constants of only a few minutes, Christini (1965) alsc noted that
nists readily formed when mixing wat air with NO,-N,0, at 50 °C,
Similarly cathala and Weinreich (1952) reported mists when gaseous
NO, =N, O, was combined with water and oxygen gases. They auggested an
ox da?:ion occurred, but this is not certain.

In contradistinction to the above studies, Kuzminykh and Udintseva
(1954) , Harris (1951), and Simon (1948) conducted exparimaents wherein
humid air was mixed with NO,-N,0,. 1In no case was any reaction [i.e.,
(3.6.,3)] noted either from a drop in pressure (constant volume system)
or by the formation of NO or acid mists. It has been lufgauted that
their concentrations were too low to cause HNOy nucleation (England
and Corcoran, 1974).

England and Corcoran (1974) were particularly interested in studying
only the gas phase reaction (3.6.3), thus they kept their NO,~N,0, and
water concentrations very low (partial pressure of NO, < 45 ppm and
less than 1.2 mole percent H,0). At such low concentrations, their
rates were slow and it often required a day or so to approach
equilibrium. They showed that the order of reaction (3.6.3) with
respect to water was 1.000 +/=- 0.003. The order with respact to NO,
was much larger and ranged between 3 and 4. They proposed a complex
mechanism to explain their rate data. Involved was an intermediate
species, nitrous acid, HNO,. Addition of oxygen had little effect
although there was a slow oxidation of product NO. [The addition of NO
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inhibited the reaction as expected since it is a product in reaction
(3.6.3).] From these rate studies, they concluded that if the
= concentration of NO, exceeded ~ 100 Pa, then the reaction would
6l achieve equilibrium in a matter of a few secords.

We conclude, therefors, that if an N,O, spill occurs, the vapors are
o an equilibrium mixture of NO, and N,0,. The exact composition depends
uﬁn tenperature and upon the extent of dilution. Contact with humid
alr will lead to a rapid formation of HNO; and NO - the extent being
o governed by chemical equilibrium. If the HNO; concentration exceeds
b some critical value (which is now in doubt), HNO; mist will form and,
then, N,0, and water will dissolve in the droplets.

Figure 3.6.1 illustrates schematically these physical processes
ooccurring in a NO,=N,0, vapor cloud released from a storage tank. The
initial system consists of 1 kg mass of NO,=N,O, wmixture at T,.;,
nixing with M,,, kg of humid air at temperature T,,, and relative
humidity RH. 'r“hc two vapor phase reactions described above (3.6.) and
3.6.3) lead to the formation of the products NO and HNO,. The final
nmixture, therefore, contains the species NO,, N;O,, NO, }i’,o, HNOy , and
, air. The formation of the condensed phase, 1if any, leads to a
‘ distribution of all these species, except air, into both of these
o phases. In practice, however, one can expect the condensed phase to
contain predominantly H,0 and HNO;. The detailed mathematical
formulation of this system and the discussion of the computed results
are given in the following sections. .

3.6,4 chemical Equilibria =~ Overview

The deternination of the thermodynamic state of the NO,=-N,0, humid air
system is dependent on how the chemical equilibrium mass balance and
the enthalpy balance equations are solved. These, in turn, depend on

the specification of the initial state of the system; i.e., the
quantities and temperatures of the reactants.

The properties of NO,-N,0, mixtures suggest that below 20°'C, the N,0, -
NO, mixture is mostly in the form of a liquid (or solid). In such a
case, very little vapor NO, or N,0, is expected. On the other hand, at
temperatures above 20°C, most ot the NO,-N,0, released will be in the
vapor phase. As described in the cariier sections, we neglect the
liquid phase chemical reactions, and consider the reactions between
tha NO; -N,0, mixture and the atmospheric water vapor.

Consider the reactions (gas phase only):
2N0, = N0, (3.6.4)
3NO, + H,0 = NO + 2HNO, (3.6.5)
Table 3.6.1 contains the standard heats of formation, standard Gibbs

energies of formation, and the molecular weights of species involved
in the above set of reactions.
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TABLE 3.6.,1 Properties of N,0,-Humid Air Reactants and Products

Component AGy* AHg® Molecular
Weight
(ki/mole at 298K) (kgZkmole)
" NO, () | 51.32 33.19 46.0
H, 0(q) -228.68 -241.95 18.0
H,0(£) -285.99 =237.30 18.0
Ho(g) 86.51 90.29 30.0
HNOy (g)! -74.80 -174.18 63.0
HNOy (£) -80.83 -135.12 63.0
N,0, () 97.87 9.17 92.0

1England and Corcoran (1574) suggest a value of -=18.58 kcal/gmole
for AG,* at 298 K.

The aequilibrium constants X, and K, (l/atm), for reactions 3.6.1 and
3.6.3 are defined as:

K = (YN204/YN022)*(1/P) (3.6.6)

K = [(YNO*YNN032)/(YN023*YM20)]*(1/P) (3.6.7)

where Y; is the mole fraction (at equilibrium) of compcnent i. To a
first afproximation (assuming AHr to be independent of temparatura),

the variation of K, and X, with temperature can be calculated as'
in X, = -21,161 + 6879.7/T(K) (3.6.8)
in Ky = =-51,408 + 13910/T(K) (3.6.9)

The composition of the various species present at equilibrium
conditions can be obtained by a simple mass balance, with the
definition of the equilibrium constant indicated above. Such a
scheme, for a system consisting of an equilibrium mixture of Z,,,°

moles of NO,, and 2°,,,, moles of N,Q,, as well as 7°,,, moles of H o
and 2° moles of air initially at temperature Tyix and pressure P

is outilnod in Table 3.6.2. For a system with a prescribed heat inpu%
Q@ (Q = 0 for an adiabatic system), we need to solve the energy balance
equations to obtain the reaction temperature T,,,. The two equations
need to be solved i~ an iterative manner. This is discussed in more
detail in Section 3.6.6.
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Aa6.5 N,Q, = NO, Reaction Equilibrium

Consider the N,0,-NO, vapor phase reaction system indicated earlier
(Reaction 3.6.1). Starting with a given quantity of NO,-N,0,, the
equilibrium constant determines the composition of the mixture at
equilibrium. The specification of the reaction temperature and
pressure (1 atm) specifies the equilibrium constant and thus the
equilibrium composition of the NO,-N,0, system.

Figure 3.6.2 showas the computed mole and mass fractions of N,0, in the
equilibrium vapor NO,-N,0, system at various temperatures and 1 atm
pressure. It can be seen that at lower temperatures, most of the
chemical is N,0,.

3.6.6 N,Q, .= NO, = H,0 Gas Phase Reaction Equilibrium

In forhulating the final equilibrium conditions when the vapor
emanating from a nitrogen tetroxide spill mixes with humid ambient
air, we muat satisfy the conditions of chemical equilibria for
reactions 3.6.4 and 3.6.5, energy balance (taking into consideration
anergy exchange with the environment) and phase equilibria
rclatiionuhips. In this subsection, we consider only gas phase
reactions.

Specitication of Vapor Initial Condition

Consider the release into the atmosphere of 1 kg of vapor from a
nitrogen tetroxide spill. This vapor will mix with the ambient humid
air. Before we analyze this situation we need to specify, carefully,
the initial conditions of the vapor prior to mixing with air. We
assume that (i) the vapor tamperature is T,,, (ii) there are no liquid
(aerosols) in the vapor, and (iii) the totaq. pressure is atmospheric.

The vapor under equilibrium conditions will have both nitrogen
tetroxide (N,0,) molecules and molecules of nitrogen dioxide (NO,).
The objective of the calculations indicated below are to determine ;che
mole fractions of the two species in 1 kg of vapor, at temperature T,
and 1 atmesphere pressure. lLet,

x§ 0 = Mole fraction of Nzoa in the vapor (before air mixing)

274
and,

Xgo = Mole fraction of NQ in the vapor (before air mixing)
2

The equilibrium reaction between these two species is given by 3.6.4
and the equilibrium constant is given by equation 3.6.6. Noting that

o .
xN 0 + xNO - 1 (3.6.10)
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2

and using equation 3.6.6, we write
1 1
- (1 +2-K; y « (1 +i—E~) -1 (3.6.11)

[+]
x“2°a A

where K, is a function of temperature and is calculated using equation
3.6.8.

o
The nass fractions (Y ) of the species (i.e., N;0, and NO,) before
nixing with the ambient air can be shown to be:

o 1
v - (3.6.12a)
N,0 T + X,/ X ) (Moo /MG )
274 No,” °N,0, No,” "N,0;
and
© [}
Y - 1 -Y (3.6.12b)
No, N,0,
Mixing with Humid Aix

Consider now the mixing of the (above 1 kg of) vapor at temperature
Tey With "r® kgs of humid air at dry bulb temperature T, and relative
humidity RH %. Llet the temperature of the mixture of vapor and air be
Tuix &t equilibrium.

Lat,
22 - ¥° / M (3.6,13a)
§,0, N,0, N,0,
22 - Y2 /M (3.6.13b)
No, NO, No,
ZZIR - Total moles of dry air at TA
Zgzo - Total moles of water vapor at TA

ba the moles of various species brought into the mixture by the mixing
1l kg of vapor at T., with of r (kgs) of humid air. 1In the above
equations M is the molecular weight of the specie. It can then be
shown that,

(P / P)
o W
ZHZO r (Pw/ 4B Mw r T - (Pw/ 3D MA (3.6.13¢c)
o) 1 - (Pw/ P) .
ZAIR r (Pw/ 1:3) Mw + I - (Pw/ 12} MA (3.6.134d) N
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We assume that after the reaction is complete and is in equilibrium,
Zy -0 additional moles of N;O, and 2,, moles of NO are formed. The
ad%ﬁional unknown is the equilibrium temperature of the mixture,
Tyix+ In order to solve for these three unknowns, we apply the
equations for K, and K, (at T,,,) in Table 3.6.2. The dependencies of

and K, on tamperature are &ivcn in equations 3.6.8 and 3.6.9. 1In
addition, the enthalpy balance equatiori is used. That is,

Hy + Q = H, (3.6.14)

where H, and Hi ara respectivaly the total enthalpies of the reactants
and of the mixture of air vapor. Q is the energy input into the
nixture from the environment.

The initial total anthalpy of the system of mixing gases is given by,

[+ [+ 0
Hy = znzoa hy 0 A(Tch) * Zyo zhuo('gch) * Z,1r Parr(TA)

o
+ Zﬂzo huzo (TA) (3.6.13)

whers the 2's represent the moles of the species and h's are the
enthalpies per unit mole of the species. The enthalpy of the final
squilibrium mixture of the gases at T,,, is written as

6

Hy = 2, . § . X, hi(THIx) (3.6,16)

where 2, is the total number of moles in the mixture, X; and h; are,
rnpoctlvcly, the mole fraction and enthalpy per mole at the mixture
temparature of the "i'"th specie. The specie numbers ("i'"s) are
indicated in Table 3.6.2, Substituting equations 3.6.15 and 3.6.16 in

equation 3.6.14 and using the relationships indicated in Table 3.6.2,
we can show that

Turx

[+]
AIR ICP.Air

TAIR

Z ) + 2 AH

No SHy p(Tyry) *+ 2

AH (T 47
Nzoa r,A*"MIX

Thrx

o "
* 20 I“P.u

. L e Tuix
o ¢T+ [ZN o, ¥ T Zyo, ] I ®p,n,0, 9T
. .

2 274 274
AlIR TCH

Z
N20

4
— [AHr,A (TMIX) - AHr,A<TCH) ] - Q (3.6.17)
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wh.rl AH, is the enthalpy of reaction A per mole of N,0, and

Eﬁo enthalpy of reaction of reaction B, per mole of NO. The
valun of AH's can be obtained from equation 3.6.8 using the
relationship

3%17.,-) In (R,) .= = I‘A:}i'!' (3.6.18)

where is the universal gas constant (8314 J/mole K). At 298 K, the
anthalpies of reaction have the following values

AHr.A - - 357,230 J/mole of Nzoa

AH B " «115,700 J/mole of NO

If it is assumed that the reaction enthalpy is independent of
temperature (as is the case by virtue of equation 3.6.8), the last
term on the LHS of equation 3.6.17 drops out.
The value of G, Ng in equation 3.6.17 refers to the "frozen" heat
capacity of N,ck. %% may be expressed as

Cr,Ng04q ™ 66.8 + 0.03875 T (3/K Mole of N,0,)

vwhere T is in degrees Kelvin.
The three unknowns, namely 2, and Ty ,;x are then solved using
the two equilibrium cquations ao 3.6.2 and equation 3.6.17.

Procedure for Calculating the Final conditions of the Mixture
Assume 1 kg of vapor and r kgs of humid air,

1. Calculate Y°,,5, and ¥°,,, from equations 3.6.12a and 3.6.12b.
2, Specity r, Ty;p, RH and Q.

3. Calculate Z° values from equation 3.6.13a through 3.6.13d.

4. Assume a mixture temperature T,, (guess value).

3. Calculate K, and K values from equations 3.6.8 and 3.6.9.

6. This gives two equations in two unknowns, namely Zyj04 8NA Zy 5
using an iterative method ='lve for Zygo4 AN Zyg .

7. Substitute these valueas in the energy equation 3.6.17 and see if
it is satisfied.

8. Rapeat the steps 4 through 7 until the energy equation is
satisfied,
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Result of N,Q, Vapor Mixing with Humid Adx

Pigure 3.6.3 shows the variation of final mixture temperature for
various masses of air mixed per unit mass of chemical vapor (this
ratio is termed the "dilution ratio") for the case when no external
heat is added to the mixture. The relative humidity of the air is also
varied. It is seen that there is virtually no differsnce between the
0% relative humidity and 100% relative humidity case (within the
tenperature scale of the plots). First, we notice that the gasecus
nixture temperature decreases as the mass of air added is increased.
This is because the dilution process decreases the partial pressure of
NO, causing the N;0, to NO, dissociation reaction to ocour. Since this
reaction 1is endothermic, the temperature of the mixture drops.
However, as the mass of air added is increased substartially, the heat
liberated by dissociation has less effect on the mixture (i.e., the
tenperature decrease becomes smaller). At very large dilutions, the
enthalpy of the air dominates the system enthalpy and hence the
mixture temperature approaches that of air.

It is interesting to see that the mixture tenmperature is not
discernibly affected by varying the relative humidity (under adiabatic
conditions). This is because, first, the mass of water vapor per unit
mass of air even at 100% relative humidity is very small (about 1%).
Because of this low water vapor concentration, very small quantities
of NO are produced at low dilution ratios. Therefore, the heat
liberated is very small. For example, the total moles of NO produced
with an initial 1 kg of N,0, vapor and a dilution ratio of 0.1 is
about 10°% (see Figure 3.6.4). This amount of NO production will
result in the libaration of about 0.12 J. This is sufficient to raise
the temperature of the gas mixture by 10*¢ K! Clearly, at high
dilution ratios, the overall effect of the exothermic reaction
(equation 3.6.5) is even smaller.

In Figure 3.6.4 we show the variations in the molar concentrations of
different species with increasing dilution ratio, for the case of a
100% humid air mixing. It is seen that the concentrations of NO and
HNOy; are relatively small (never exceeding 500 ppm). Also plotted in
the same figure is the water vapor concentration in the mixture of
gases. The effect of different levels of water vapor concentration in
Ehc mixture on the possible condensation of nitric acid is discussed
ater.

The variation of mixture density with dilution is indicated in Figure
3.6.5. The density of the mixture decreases continuously with increase
in dilution. The effect of relative humidity on the mixture density is
negligible. It is, however, to be noted that we havc assumed no
condensation of vapors in developing the results presented in Figure
3.6.5.
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3.6,7 Nitric Acid condensation

To determine the distribution of the variocus species in the vapor and
liquid » Af the presenca of a condensed phase is assumed, we need
to solve the coupled tions of energy, reaction equilibrium and the
phase equilibrium. This process of ocbtaining the solution to these
coupled equations is extremely complex. It can be argued, however,
that condensed phase will result once the partial vapor pressure of
water or that of the nitric acid vapor exceeds its respective
saturation pressure at the mixture temperaturs. Figure 3.6.6 shows the
partial vapor pressure of water vapor in the N,0Q,-NO, vapor-air
mixture for various relative humidities and dilu%ion ratica. Also
plotted on the same figure is the saturated water vapor pressures at
mixture temperaturss given in Figure 3.6.3. It is seen that at
relative humidities in excess of about 30%, there is a range of
dilution ratios over which the water vapor will condense. Once water
condenses, it is logical to assume that HNO; dissolves in it forming
aqueous nitric acid.

The condition under which nitric acid vapor condensas is not very
clear from data available in the literature. For example, at 20°C the
vapor pressure of HNO; is 3600 Pa and presumably when HNOy partial
vapor pressure excoeds this value, the vapors will condense. However,
Koopman, at al. (1984), McRae (198%) indicate that nitric acid
aarosols were formed in a field test conducted by the Lawrence
Livermore National Laboratories. They also allude to the laboratory
test results from the literature (England and Corcoran, 1974) and
suggest that vhen tha partial vapor pressure of HNO; vapor exceeds 50
ppm aquecus nitric acid would be formed. In our cpinion, the observed
aerosol formation in the field tests conducted by Koopman, et al., is
probably due to water condensing in the cloud because of the 35% RH
anbient condition prevailing during the test. Also, the conditions of
the test were such that a cold plume (at a temperature of = 12°C) of
nitrogen tetroxide vapor (together with its equilibrium mixture of
nitrogen dioxide vapor) would have been released into the atmospherae
from the frozen liquid pool of nitrogen tetroxide. This cold vapor
plume would have condensed the moisture from the ambient air. In fact,
this cbservation confirms our theoretical finding as to when HNO;
condensation will ocour (see Figure 3.6.6).

One approach to simplifying the analysis of "condensed phase" problem
is to assume ideal solutions (H,O0-HNOy, aquecus mixtures). We have
tried this approach. The results from this a?proach indicate that even
at very low dilution ratios (less than 10°¢), all liquid phase will
evaporate if the relative humidity is low (< 20%). The results for
higher relative humidities are not available at this time.
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4.7 SUMMARY AND CONCILUSIONS

The chemicals studied for this project undergo a variety of reactions
and interactions with air, especially with the water in the air. The
reactions for each chemical and humid air were examined, with the
result that three types of hehavior were assumed to occur. The first
type (I) of chemicals (Cl,, CoCl,, SO,, and H,S) were those for which
reactions or intaeractions with the water and/or air did not ocour or
were not significant. The calculations done for this type of chemicals
considered only the energetics of the mixtures. ror the second type
(II) of chemical (NHy;) the dissolution of the ammonia in condensed
atmospheric water was determined to be significant, and thus, the
model for this chemical accounts for the dissolution reaction energy.
For the third ¢t (III) of chemical (N,0,), the reactions play an
important role determining the composition and properties of the
air and chemical mixtures. The model for this chemical type accounts
for the reactions and their effects on the equilibrium mixtures.

Wa conclude that:

1) For all of the chemicals, the densities of equilibrium
mixtures are insensitive to the humidity of the entrained air
since the quantity of water in the air is only a small
percentage of the total air mass.

2) The densities are, howsver, strongly dependent on the maass of
liquid chemical entrained as aercsols in the initial mixture.
Ammonia, for example, is less dense than air (both at the
sane temperature) unless there is liquid ammonia aerosol
present in the mixture. It behaves as a heavy gas bacause of
this entrained aerosol.

3) The temperature of the chemical vapor+aerosol and air mixture
drops below the normal boiling point of tha chemical as the
liquid aercsols evaporate. This evaporative cooling enhances
the heavy gas affacts since the gases become more dense as
they cool.

4) The heats of fusion are relatively unimportant for the
energetics of the mixtures since only small cuantities of
water will freeze in most cases. For the case of ammonia, the
model developed agsumes the ammonia water solutions do not
freeze, since these aqueous solutions have very low (190 K)
freezing points. The effects of freezing are considered in
the other models.
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CHARACTERIZATION OF ATMOSPHERIC CONDITIONS

4.1 INTRORUCTION

The passive dispersion of a chemical in the atmosphere is
described using dispersion parameters ( and 0,) whose values
are dependent on the atmospheric stability and the distance from
the source. The method used for calculating the stability
parameter used in the calculations is taken from the AFTOX meodal
and it is described in the "User's Guide to AFTOX" by Kunkel
(1985, 1986)., This is discussed in Section 4.2. The actual
determination of the dispersion parameters using tha calculated
stability parameter is discussed in Section 4.3.

A continuous stability parameter ranging from 0.5 to 6.0 is usad
in the model. The numbering scheme is based on the Pasquill
stability categories, which range from A (extremely unstable) to
F (moderately stable), as shown in Table 4.1.1 from Kunkel
(1986) .

In addition to the stability parameter, other parameters that are
calculated by the atmosphere characterization module of the model
are the friction velocity (us) and the wind speed at a height of
10 meters (Uyq).

4.2 MODELS DESCRIBING ATMOSPHERIC STABILITY

Two mathods are used in the model to calculate the stability
parameter based on the type of input data that is available. One
method (Option 1) uses wind speed, cloudinesa, surface roughness,
time and date, location, and other data to determine the
stability using Golder's nomocgram (1972), which relates the
stability to the surface roughness (2;) and the Monin=-Obukov
length (L). The second method (Option 2) is the Modirfied sSigma
Theta approach introduced by Mitchell and Timbre (1979) and
presented by Mitchell (1982) which uses the locally measured wind
statistical data to calculate the stability. The two methods are
described in the following sections.

4.2,1 QPTION 1: Golder's Nomodram Method for Determining the
Stability of the Atmosphere

This method uses the Monin-Obukov length, L (m), and the surface
roughness, 2 (m), to determine the stability parameter. The
ralationship %etween the three is shown in Golder's nomogram (see

Figure 4.2.1 based on Figure 1 from Kunkel (1986)). The numeric
stabllity parameter determined using this nomogram can be found
using the following mathematical expressions:




1 1 )
12 -0 -08

-02 0
L (m)
Golder's Nomogram Stability Catagories

Calculated Stability Catagories Using Eq. 4.2.1

-06 -04

Figure 4.2.,1 1/L as a Function of Pasquill Stability Classes
and Aerodynamic Roughness Length (ZO)

Ref. Kunkel, 1986
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SP = A+ BLogyg ( 29 * 100 ) (4.2.1)

vhera:
A = 3.5+ 21.67/L (4.2.2)
B = 0.48 when | 1/L | > 0.015 (4.2.3)
B = 43.63 | 1/L |3+08 yhen | 1/L | < 0.015 (4.2.4)
B = -B when 1/L < 0.0 (4.2.5)

The results obtained with these equations are shown in Figure
4.2.1 also, as the dashed lines.

The Monin-Obukov length is calculated as follows:

p. Cp Ta Uad
L = - -2 zg“ﬂ (4.2.6)

where p, is the ambiegt air density (kg m=3), ¢, is the specific
heat of air (J kg=l K™1}), T, is the air temperatfire (K), K is the
von Karman constant (0.41), g is gravity (9.8 m 87<), and H is
the sensible heat flux from the ground to the lower atmosphare
boundary layer (W m~2),

The value for u, is an unknown, however, 8o an iterative
approach, similar to that daescribed by Koo, et al., (1984), is
used to calculate both L and us. The other equations used in the
iterations are the surface layer wind profile equations for
neutral, unstable and stable conditions, as summarized by Ragland
and Dennis (1975):

neutral conditlons (L == )

k Ug 2
= ln =— (4.2.7)
Uyn Zo

unstable conditions (L < 0):

k Ug X =1 X + 1
——— = 2(tan~lx - tan~lxg) + ln — - 1ln (4.2.8)
Uyp Xg- 1l Xo+ 1
where:
.25 .25
152 1520
X = l - — and Xo = 1l - (4.2.9a,h)
L L
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rtable conditions (L > 0):

kUz b1 v
= 1n + 5.2 0 (4.2.,10
L) Zo

whera Uz is the wind speed (m s“1) at anemometer height 2z (m),
and a= Z/L when 2 < L and a = 1 when 2 > L.

To start the iterations, an initial guess value for us is used
and the values for L and us are found. U;q is then calculated
using the iterated value of uy, from equation 4.2.7, 4.2.8, or
4.2.10.

The other parameter that must be calculated to find L and us is
the sensible heat flux from the ground to the lower atmosphere
boundary layer (H). The appropriate equation for the surface
layer wind profile (4.2.7, 4.2.8, 4.2.10) is also selected using
the value for H. Unstable conditions are defined by a heat flux
greatar than 1 W m~2, stable conditions are for a heat flux less
than -1 W m~2 and neutral conditions are uefined by a heat flux
between 1 and =1 W m™2 (heat flux from the ground into the
atmosphere is defined to be positive). For the daytime, the heat
flux is calculated using a method described by DeBruin and
Holtslag (1982):

(1 ~a ) + (y/5) : .
H= (Q=G) = B @G.2.11)
1+ (v/s)

where o = 1.0 and B= 20 W m~2 for wet conditions, and 0.65 and
20 W m~2 for dry conditions. The soil heat flux, G, is 0.1*%Q
unless there is a snow cover, in which case G = 0.0, The value
for (y/s) is presented as a function of ambient air temperature,
Ta (K), by:

(Y/s) = 119.56 = 0.7843%T, + 1.2887x10™3#T,2 (4.2.12)

The net solar radiation, Q@ (W m~2), is found as presented by
Holtslag and Van Ulden (1983) using:

(L ~xr) K+¢Cy T -0 14+ 03N _
Q m (4.2.13)
1+C3

where r is the earth's albedo (r = 0.23 except for when there is
a show coverg r'- 0.75), o is the Stefan-Boltzmann constant (5.67
x 1078 W m~¢ x~4), and N is the fraction of the sky covered ‘y
clouds. The constants Cy, Cp, and Cy are equal to 5.31x10713 w m™

K*%, 60 W m"2, and 0.12 respectively The net incoming solar

radiation at ground level, K (W m~2), is found using the
following expression, by Kasten and Czeplak (1980):
K= %o (1 - (1-T) NP2, (4.2.14)
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where b, is an empirical coefficient equal to 3.4, and T is the
transmittance of the cloud covar, depending on the type of cloud
(cirrus = 0.61, altus = 0,27, cumulus = 0,25, stratus = 0.18, and
nimbostratus = 0,16). The incoming solar radiation at ground
level (Kpy) is found using:

Ko = a; sin¢ + aj @.2.15)
] where a; and a; are turbidity coefficients which describe the )
{ average atmospheric attenuation of Ko by water vapor and dust for
a given site. Average values of a; = 990 W m™<¢ and a; = -30 W m~2
; are used in the model. The solar elevation angle %¢) is found
: using the method described by Wolfe (1980):
f sin ¢ = sin LA 8in D + cos LA cos D cos SHA (4.2.16 )

where IA is the latitude, D is the solar declination, and SHA is
] the solar hour angle. The solar declination is found using:

sin D = gin 23.4438 8in o (4.2.17

where

‘ o (deg) = a + 279.9348 + 1.914827 sin a - 0.079525 cos a +
0.019938 sin 2a - 0.00162 cos 2a (4.2.18

The angular fraction of the year (a) is found by:. .

a = 360 (JU = 1) / 365.242 (4.2.19)
where JU is the Julian date.
The solar hour angle (SiHlA) is given by:

SHA (deg) = 15 (GMT - M) - LO (4.2.20)

where GMT is the Greenwich mean time, LO the longitude and M the
time of meridian passage (true solar noon). M is found by:

M= 12 + 0.12357 sin a - 0.004289 cos a + 0.153809 sin 2a +

0.06078 cos 2a (4.2.21)
Smith's (1972) formula for sensible heat flux is used for
nighttime:

where, again, N is the fraction of the sky coverad by clouds.




4.,2.2 QPTION 2: Modified siagma Theta Approach for Determining
the stability of the Atmosphere

When the standard deviation of the wind direction is known (9, ),
the Modified Sigma Theta method of Mitchell can be used to
detarmine the atmospheric stability. The stability category
relationship outlined in the NRC Regulatory Guide 1.23 (1972) is
used except that at night, any o, gz 12.5° is attributed to
meandering, not to instability. Tab?e 4,2.1 (from Kunkel (1986))
shows the relation of gy to the stability.

For all daytime conditions and for nighttime conditions when oy <
12.5°9, the following equation is used to calculate SP:

SP = 6.46 - 0.341 g  + o.ooa.so@2 (4.2.23

The values for SP in Table 4.2.1 are for o.'s which were measured
at a height of 10 meters and for a 60 miﬁ&te averaging time. To
use the egquation (4.2.23) derived from the data in the table, the
o nust nmeasured the same way. If ¢ is for other than 10
ndters and 60 minutes, the following is %sed:

-0.2 0.2
(05)10,60 = G (10/2)  (60/t) (4.2.24)

where 2 is the height at which Uy Wwas measured and t is the
averaging time used.

For nighttime conditions when %p&12.5°, the st;bility parameter
is computed using the relations in Table 4.2.2 (from Xunkel
(L986) .

The values of the wind speed at 10 meters (U;o) and the friction

velocity (uy) are found in option 2 assuming the wind velocity
profile is logarithmic:

10
in

Zo

Ujp = Ug - (4.2.24)
ln ——

(4

U - 1y (4.2.25)




JTABLE 4.1.1 Relationship Between Pasquill Stability cCategories
(SC) and the Continuous Stability Parameter (SP)

. Stability Category  \ B ¢ D E F
Stability Parameter 0-1 1-2 2-3 3-4 4-5 5-6

2 TABLE 4.2.1 Modified Sigma Theta Method for Determining
- Atmospheric Stability

y o * Daytime wind speed Nighttime**
i (decfrees) stability (m 8=1 at 10 m) stability
4
K 0g 222.5 A < U< 2.4 G
., 204 = \J < 209 F
i 2,9 §u < 3.6 E
¢ 3.6 s y D
22.5 > q %17.5 B u < 2.4 F
- 2.4 §u<3,0 E
3.0 s u D
17.5 > % =12.5 .c U< 2.4 E
2.4 = u D
, 12.5 > g, & 7.5 D all wind speeds D
- 7.8 > og § 3.8 E all wind speeds E
] 3.8 > oy * 2.1 F all wind speeds F
2.1 > % G all wind speeds G

* at 10 meter height, 60 minute averaging time

** Nighttime is defined as the period from 1 hour before sunset
to 1 hour after sunrise.
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4.3 DETERMINATION OF DISPERSION COEFFICIENTS

For given values of the down wind distance from the source and
atmospheric stability (or 0, and downwind distance), the values
of the horizontal (0J,) and” vertical (0,) Gaussian dispersion
paraneters can be calcxlatod. This is done using the relation of
atmospheric stability to the dispersion coefficients described
originally by Pasquill and Msade and represented by the graphs in
Figures 4.3.1 and 4.3.2, from Slade, 1968. This relation is
implemented in the model using correlations of the curves shown.
Interpolation is performed if the stability falls between curves,
as the lfontinuous stability parameter calculations described
above allow.

4.4 RESULTS AND DISCUSSION

The squations described in Section 4.2 are used to calculate the
numeric stability parameter, the wind speed at 10 meters height
and the friction velocity which are used in later calculations to
describe the dispersion of chemical vapors in the atmosphere.
Wwith limited variable input data, such as air temperature, time,
wind speed at any height, and cloud cover, the stability of the
atmosphere can be correctly computed and prediction of hazard
distances and areas can begin.

The predictions from the model are valid for a wide range of
conditions as Table 4.4.1 shows ([based on Table 3.3 from Slade
(1968) ). In the upper half of this table are indicated the
relationships between weather parameters and the Pasquill
stability categories. In the bottom half, the calculated
stability parameters (calculated using the models discussed
above) are indicated in terms of alphabatic stahllity categories.

In this chapter we have described a method by which the value of
the atmospheric stability and the dispersion coefficients
corresponding to this stakility, can be determined. The principal
difference betwasn the method described here and those available
in the literature has to do with the definition of the stability
values. We have assumed, justifiably, that the atmosphere goes
through continuous states of stability over a diurnal cycle. The
Pasquill-Gifford method, on the other hand, describes the
atmospheric stabilities in six unique classes with no continuum
of states in between. The latter method can lead to substantially
different values of the dispersion coefficient, especially at
large distances from the rource. This in turn will result in
srroneocus concentration predictions. The method described here is
superior to the Pasquill-Gifford method.

4-8




1)
. ‘
A
»
T
( °‘ v
- A 0 ’ q
3. & 'F 4
yd
t
a “,d / Y/
'
A CRTREMELY UNSTABLE
s A B = MODERATELY UNSTABLL
] O SLIGNTLY UNSTABLE
v £ :.::'n‘m s 4
2 /Z d ,l 7« MOOERATELY STABLE A
N
.ol
==
(]
g T 10 T ' 0

[
OISTANGE FROM BOURGE Im)

Figure 4.3.1 Lateral Diffusion, o,, vs. Downwind Distance from Source
for Pasquill's TurbuYence Types.
Ref. source: Slade, 1968

h IO. I :
' .
r
v
) / :
’ o y
¥
N y 4 2.
7 r »
- ’ =
i
;e / /7 L/ autll
-
g w' / 11 A 1] 1"
§ fn o = ] 1 - —-4"
ral
/ > A
s 77 ifr.. [~
 / o
M ,/74 Y - vl
>
g / Ve’ ji 7
¥ ID' A= ENTREMELY UNSTABLE
. = 8= MODLAATELY UnsTABLE
'y g C = SLIOHTILY UNBTABLL .!
» 52 D= NEUTRAL
7 €= SLIONILY BTABLE
y F = MODCAATELY S1ADLE
rd
?
|°. N N L i i
e ’ w e ’ 0 2 ’ 10! q

O:RTANCE FROM SOURLE Im)

Figure 4.3,2 Vertical Diffusion, o_, vs, Downwind Distance from Source
for Pasquill's Turbulénce Types.
Ref. source: $Slade, 1968 1

4-9




TABLE 4.2.2 Nighttime Stability Parameter as a Function of

and Wind Speed for o, £ 12.59,
on* Wind speed Stability .
(dcqrgcl) (m 8+ at 10 m) parameter :
0y &22.5 4.1 5u SP = 3.5
2.4 $ u < 4.l SP = 14.44/u
U< 2.4 SP = 6.0
22.% > 0@ 2 17.5 3.4 § 4 Ssp=» 3.5
2.0 $ u < 3.4 SP = 12.00/u
u < 2.0 SspP= 6,0
17.5 > Oe 3 12.3 2.7 §u SP = 3.5
1.9 g u<a.”7 SP= 9,60/u
u < 1.9 SP= 5,0

* at 10 meters, 60 minute averaging time

TABLE 4.4.1 Relation of Stability Categories to Weather
Conditions = Calculated Values Compared to
Pasquill's Values.

Daytime insolation Thin overcast
Wind ngccd _ or > 4/8 < 3/8
(m s8=4) Strong Moderate 8light cloudiness cloudiness
Pasguill's values
< 2 A A-B B
e A-B B (o E F
4 B B=-2C o D E
6 o] C =D D D D
> 6 C D D D D
Calculated values
< 2 A A A F F
2 A A-B B -0 P F
4 C c cC=-D D F
6 ¢ ~-D D D D D
> 6 D D D D D
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The second important difference between the calculations
indicated in this section and those in the traditional diapersion
literature is the corractions that are applied (in our method) to
the dispersion parameter values for concentration averaging time
and aerodynamic roughness. When they are different than the
standard values (10 minute averaging time and 10 centimeters
roughness) for which the dispersion parameters are correlated,
they are adjusted to account for the differences.
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CHAPTER 3
RISPERSION MODEL DEVELOPMENT

In this chapter we discuss the approach to describing the
dispersion of a heavy vapor cloud and heavy vapor plume and then
present models in the form of mathematical equations. The
description of the vapor cloud™ includes its gecmetrical size,
variation of ground level <concentration with distance,
distribution of chemical concentration within tha cloud, the
location of the center of the cloud with respect to the chemical
release point, etc. Also indicated are the proceduraes to
calculate the lateral extent of the cloud (with respect to the
cloud center) for a given concentration.

The physical processes occurring after a heavy gas cloud is
released are discussed in section 5.1. In section 5.2 the
instantanecus dispersion model is discussed. The continuous
dispesrsion model is analyzed in section 5.3,

2.1 EHXSICAL PROCESSES IN THE DISPERSION OF A HEAVY GAS CLOUD

When a vapor cloud which is heavier than air (due to its vapor
density ox the combined density of vapor and any aerosols) is
released” into the atmosphere, it undergoes dilution in
different stages. Depending on the nature of release (explosive,
passive, jet, etc), there may be an initial rapid entrainment of
air into the cloud. Subsequently, the cloud goes through a
gravitational slumping stage due to its excess density. During
this second stage the lateral dimensions of the cloud increase
due to gravity induced flows and the cloud is accelerated
downwind due to momentum tranafer from the wind. The entrainment
of ailr during this stage is primarily controlled by the density
stratification in the cloud and by the lateral spread rate. When
the cloud density is within a few percent of the density of air,
a third stage of dispersion occurs in which the dilution of the
cloud depends on both the atmospheric turbulence characteriastics
and the cloud density. In the fourth and final stage, the cloud
dilution is principally due to atmospheric turbulence. These
stages of dispersion of a heavy vapor cloud are illustrated
schematically in Figure 5.1.1

Alr is entrained into the cloud at the sdges and at the top.
Therefore, the concentration of the chemical decreases first at

* The term "vapor cloud" used In this report 1s assumed to
mean both a puff of vapor and a plume.

** As described in Chapter 2 a variety of chemical release
modes and sources result in the formation of ligquid aerosols
which may be entrained into the vapor cloud and disperse
with the cloud.
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the edges and the top. The chemical concentration at the core
remains high until sufficient air has diffused into the central
regions. If there is chemical reaction, the concentrations of the
products of reaction are high at the edges and the top. In
effect, in a real cloud the concentrations within the cloud are
non~uniform and may show distinct bi-modal distributions in <the
lateral direction for reaction products. However, as the dilution
continues, it can be argued that the reaction product distribu-
tions will show a more uniform or modified Gaussian types
distributions.

The primary assumption in our dispersion model is <that the
chemical-with~air reaction phenomenon, it anx, and the dispersion
process can bae decoupled. The only coupling between the two
phenomena ocours through the overall density of the cloud. The
air entrainment rate is determined by the overall density of the
cloud and the atrospheric meteorological conditions. The overall
density ¢f the cloud and the mean concentration of the species in
the c¢loud at any instant of time are determined solely by: (i)
the mass, phase, and thermodynamic conditions of the chemical at
release, (ii) the mass of air mixed, its temperature and
humidity, and (iii) the total net heat input into the cloud from
external sources.

Our second assumption iz that any reaction between air and the
chemical ceases when the conceantration of the primary chemical is
very low. In fact, we assume that no reaction occurs after the
transition from the heavy g¢gas dominated dispersion to the
atmospheric dominated dispersion.

The third assumption in our model is that the initial stages of
dispersion can be described by a modified "box" model and the
atmospheric dispersion stage is described using a modified,
volume source based, Gaussian model. The details of these are
described in the appropriate sections balow,

5,2 DISPERSION OF INSTANTANEQUSLY RELEASED HEAVY VAPOR CLOUD
( " EIEE" )

5.2.,1  Assumptions

In developing the puff dispersion model we make the Ffollowing
assumptions:

1. The initial geometry of the cloud is a circular cylinder
with specified physical dimensions.

2. The initial thermodynamic condition of the <cloud s
prescribed. That. is, the temperature, concentration of
chemical both in the liquid and gaseous phase (and if other
species are present their concentrations), and the total
volume of the cloud are known initially.
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3. The initial property distributions within the cloud are
agsumed to be uniform.

4, The air entrainad is assumed to be mixed within the cloud in
a very short time. That is, the time of mixing is very short
compared to the time for the cloud to move a distance equal
to its diameter.

5, During the initial gravity dominated dispersion phase the
concentration and other intensive properties within the
"box" are assumad to be uniform. In other words, we assume a
top hat distribution for the various parameters within the
cloud.

6. The cloud is assumed to be in thermodynamic equilibrium at
all times. This state is consistent with the total air
entrained and the total heat exchanged with the surroundings
up to any given time. In effect, this is eguivalent to
assuning that the reaction time constants are much smaller
than the time constant for mixing of air and the cloud.

7. No rain out of the liquid aerocsol is assumed.

8. The initial cloud depth is equal to the initial ¢cloud
radius.

The initial state of the cloud is calculated by noting the
quantity of material released (using the source models dsscribed
in Chapter 2), the amount of air mixed initially and using the
thermodynamic models describad in Chapter 3. The initial
thermodynamic state of the cloud is specified by the overall
volume of the cloud, the mass of the various species, the
temperature, and the overall density.

Assuning that,
Vi = 1Initial cloud volume

we calculate the initial radius of the cloud and initial cloud
depth by the following equations:

( vy ) 1/3
Ry = —— (5.2.1)

n

H{ = Ry (5.2.2)




5.2.2  Modeling the Heavy Gas Dispersion Phase

The cylindrical cloud, shown schematically in Figure 5.2.1, moves
downwind and expands radially. At any downwind position, X, of
the ground level center of the cloud the concentration
distribution within the cloud will be essentially uniform within
a core along with "tails" at the edges. The clasaical '"box"
models described in the literature (Wheatley and Webber, 1984;
Carpenter, et al., 1986; Raj, 1986) do not provide tho facility
to caloculata the tail distributions outside the cloud. To take
into account the presence of Gaussian tail distxibutions outside
the "box", we model the heavy gas dispersion phase in two parts.

Let us assume that the concentration distribution in the cloud at
a downwind location X (i.e, the location of the ground level
center of the cloud) is neesded. In the part one calculation we
assume that the cloud disperses as a classical "box", i.e., the
air entrainment ococurs at the top and edgas and that there is
momentum transfer from the wind to the cloud. From this box type
description, the total ailr entrained up to the downwind distance
X is determined. The cloud dilution, vaporization of aerosols,
reaction, etc., are now determined using the thermodynamic and
reaction kinetic models described in Chapter 3 and using the
total air entrained up to the position X. This gives thc mean
concentration of the primary chemical, secondary species, if any,
temperature, etc. In the box model description, all of the
material released is within the box at all times.

The side dilution caused by atmospheric turbulonce is taken into
account in paxt twe of the heavy gas model. In this part of the
model, the results obtained from the exercise of the modsl in
part one are used to determine the actual concentration
distribution at position X as follows:

[} We aasume that a cylindrical volume source of vapor exists
at the release point (i.e,, at X = 0), The physical
dimensions of this cylindrical cloud and the thermodynamic
state are the same as that of the "box" at X calculated
using the part one model.

o The dispersion of this volume smource is now calculated using
the volume source Gaussian model approach (see section 5.2.4
below). The dimpersion coefficient values correspond to the
stability of the atmcsphere and the distance X.

The result from this latter calculation yields the actual
concentration profile at position X of the cloud.
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Part 1: _Model Formulation for Box Tvpe Dispersion.

We follow very closely the formulation of the box dispersion
nodel described by Raj (1985, 1986), Carpenter, et al., (1986)
and others with mninor variations in the recipe for the
sntrainment velocities. The various equations describing the
radial spread rate, the air entrainment rate and the acceleration
of the vapor cloud by the wind are indicated below:

V =71 R : Volume of the Box cloud (5.2.3)
4ar :
Usg = = = Kk \/g H A { Radial spread velocity (5.2.4a)
qat.
with N (p/Pa=1) = fractional density excess over
d air density (5.2.4b)
M w My + Mg : Total mass in the cloud (5.2.5)
aM am
—_ . -—E + SEE ¢ Alr Entrainment Rate (%5.2.6)
dat dt at

where, Mg and Mp represant, respactively, the total mass of air
entrained on the edge and on the top of the cloud from the
release point up to the present location of the cloud,

The rate of air  mass entrainment into the cloud can be
reprasented by the equations:

dMp dMp 2
w—— W P Up 2 TR H and ~— ®=p.up TR (5.2.7)
dat dt

where up and up are, respectively, the entrainmert velocity for
edge entrainment and for top entrainment.

The momentum equation is given by:

au am dM

M — = (£ Uy - U) £ . [U(H) = U] —— 4Da=F (5.2.8)
dt at at

where the frontal drag force on the cloud due to the wind is
s+ven by D and the ground friction is given by F. In the above
equation the total horizontal momentum brought into the cloud due
to side entrainment of air is assumed to be a fraction of the
mean horizontal momentum of the entrained air over the height of

the cloud. In the above equation this fraction is represented by
the symbol ¢.
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The wind-to-cloud drag force is calculated assuming that the
dynamic pressure at every vertical position is due to the
difference in the wind velocity at the position and the mean
translation speed of tha cloud, U.

That is,
z=H
D = 0,Cp R |u(z) -U| [u(z) - U] daz (5.2.9)
Zm=0
where,
Fpn / A
1/2 py U2
and
2
F = R p,u" (5.2.10)
Entrainment velocities.

Many correlations have been proposed in the litarature to express
the entraiament velocities as functions of cloud parameters and
atmosphaeric meteorological conditions. These correlations have
been reviewed and presented by Raj (1986). Based on the recent
findings from the Thorney Island test data (Carpenter, et al.,
1986), we use the following description of the entrainment
velocities:

Ug = aoUsg Edge Entrainment velocity (5.2.11)
and
ul
Uup = - Top Entrainment velocity (5.2.12)
1 2
- + (Ri/ B )
82 1
?
where, ‘ - ]

u; = the longitudinal rms turbulent velocities in the air

Ri = Richardson number based on atmospheric turbulence and
the atmospheric eddy size at box cloud height. This is
defined in equation 5.2.16.
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The form of the top entrainment velocity used in equation
(5.2.12) haas the proper limit in the heavy gas phase as well as
in the atmospheric turbulence limit. The choice of the turbulent
velocity scale used in this equation and in the definiticn of the
Richardson number is based on the argument that the entrainment
at the cloud top is due to "local turbulence" characteristics in
the atmosphere at cloud height modified by the presence of a
stratified layer below. The longitudinal tgrbulence velocity
scale u; is related to the friction velocity u” by the equation,

u; = u* [3.12 - 0.233 SP) (5.2.13)

where SP is the atmospheric stability number on the continuous
scale described in Chapter 4. The ambient turbulsnt eddy size L
(or turbulent length scale) at the top of the cloud is given by,

0.48
(L/H,) = 1776 (H/M) (8.2.14)

in which Hy is a reference height generally taken to ba 10 meters
(Taylor, 1970). Equation 5.2.14 has been correlated by us using
the values of the ratioc of u; and u* for the six Pasquill
stabllity classes indicated in %he report by Wheatley, et al.,
(1987) .

Starting with the specified initial conditions of the cloud the
extent of radial expansion of the cloud over a short duration can
be obtained from eguation 5.2.4. The mass of air entrained dAuring
the same short time can be estimated using equation 5.2.7.
However, in order to use this equation the entrainment velocities
are ocalculated using equations 5.2.11 through 5.2.14. The
momentum equation, 5.2.8, is integrated over the same short
duration of time to obtain the cloud velocity at the new time.
Knowing the total mass of air in the cloud and utilizing the
thermodynamic models described in Chapter 3, the concentration,
temperature, volume and the density of the cloud at the new time
(andi therefore the new spatial position downwind) c¢an be
obtained.

Using the above procedure we calculate the conditions of the
heavy gas box cloud at any specified downwind position X of the
ground level center of the cloud. However, in order to calculate
the actual concentration distributions and the "proper" extent of
the cloud at X, we allow the cloud edges to be affected by the
atmospheric turhlence. The details of this model are indicated
in the following sub section.




Part 2: Model for the Volume Souxce Dispexrsion.

We assume in this model that a cylindrical cloud of radial
dimension Ry, height Hy, and uniform chemical concentration Cy is
raleasad at the origin (X = 0). The concentration distribu%ion
within the cloud is desired when the ground lavel center of the
cloud is at downwind position X. For this model, we assume that
the initial cylindrical source can ba treated as a volume source
and the volume source Gaussian dispersion equations can be
applied to each and every packet of vapor within the source. We
also assume that no chemical reaction or chemical phase
nodifications take place in this "pseudo" dispersion.

Under the above conditions it can be shown that the concentration
distribution at the downwind position X is given by (Slade,1968):

Ry 27 (r% + r2- 2r rp cos )
Cx -
C(x,rp,zp) - r dr e 2 o§ a0
3/2
(2r) og",oz r=0 o0 =0

Hx (ZP - 2)2 (Zp + 2)2
" [ e 2 o + e 205 ] da
zm0 (5.2.15)

where, r, and =z, are, respectively, the relative radial and
vertical = coordirate positions of a point relative to a
cylindrical coordinate system located at X, the ground level
canter of the cloud. The dispersion coefficients, Oy and o,,
are functions of the downwind distance X and the stability of tﬁe
atmosphere. In this model, these parameters are calculated using
the approach of Xunkel (1986) in which a system of continuous
atmospheric stability classes is employed and the variations due
to the surface aerodynamic ©roughness and concentration
integration times are accounted for. The detaearmination of the
dispersion coefficlents is described in chapter 4.

The details of the derivation of equation 5.2.15 and the simpli-
fications under several conditions are given in Appendix B. The
second integral of equation 5.2.15 can be expressed in terms of
the modified Bessel function of the second kind and zeroth order.
The third integral (over z) is the sum of two error functions.

The result of application of the box model superimposed with the
modified Gaussian model is shown, schematically, in Figure 5.2.2.
The concentration distributions within the "box" are still very
much uniform but the cloud has Gaussian tail distributions at the
edgaes and at the top. The extent of tail penetration into the box
is dependent on the dista.ce X and the atmospheric stability.
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FIGURE 5.2.2: Schematic Illustration of the Hybrid Dispersion Model
Using the "Box" Model and the "Volume Source Gaussian" Model.
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Transition to passive Dispersion

The negative buoyancy effects become less important as the cloud
gets very dilute. That is, the gravity induced radial expansion
velocity becomes very small. Correspondingly, the influence of
this gravity induced flow velocity in generating turbulence for
mixing air into the cloud becomes negligible. The importance of
the gravity induced flow relative to the external flow is
expressed by the Richardson number. There are several definitions
of the Richardson number depending on the velocity and length
scales used in the definition. The definition used in our meodel
is as follows.

L
where A is the fractional density excess (Equation 5.2.4b) and
Uy the longitudinal turbulent velocity (Equation 5.2.13). Other
definitions of the Richardson number include the use of the
instantaneous cloud depth (H‘ for the length scale and the
turbulent friction velocity (u”) for the velocity scale. Various
other definitions of the Richardson number used in the literature
have been reviewed by Raj (1985). -In our modal we use the
definition given in equation 5.2.16 based on the argument that
the rate of nmixing induced by atmospheric turbulence is a
function of the mean square fluctuating velocity in the turbulent
eddy (over the depth of the cloud). The gravity induced flow over

the same depth acale (L) forms the numerator of equation %.2.16.
We assume that transition occurs when the atmespheric turbulence
effects begin to be important in the mixing of air into the
cloud.

Various criteria have been presented in the literature for the
"transition" from the heavy gas dominated dispersion to the
passive mode of dispersion. Havens (1982) has <reviewed the
transition coriteria used by different researchers. While there
are differences in the models there seems to be agreement in that
most transition criteria are in the range of Richardson number
between 1 and 10. However, the definitiont of the Richardson
numbers are different in different models.

In our model, we have investigated the following transition
criteria.

Ri = 10 and Ri (5.2.17a)
A' = 1073 and A' = 1074 (5.2.17b)
In all of the models discussed in the literaturs the transition
is treated as occurring at a specific location downwind. The

models used for describing the dispersion after the transition
are esgentially Gaussian models. For example, in the SRD model
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(Jagger, 1983; Wheatley, et al., 1986) it is assumed that the
lateral and vertical edges of the box at transition are

: . equivalent to the width and height of the vapcr concentration
A which is 10% of the peak concentration as calculated by using a .
v point source Gaussian model originating at the virtual sources.
! To match the conditions at transition, two separate virtual
5| sources are used. The post transition horizontal dispersion is
o calculated assuming that the vapor originates from one virtual
;. source and the vertical dispersion is calculated by assuming that
1 the vapor originates from the other virtual source. Other models
use similar "virtual source" approaches.

Inherent in all of the current models in the literature which
describe the post transition dispersion regime are the following
difficulties.

° Not all ocloud parameters (concentration distributions,
physical size, etc.) can be matched at the transition point.
There is always a mismatch of other parameters when only one

. oriterion is used for matching. Multiple parameter matching

! is impossible because of the completely different modeling

8 approaches in the pre and post transition regimes.

o In some cases, the matching of one parameter (say the
physical size) will result in either more or less mass of
chemical in the passive dispersion regime. This artificial
mass loss or gain is unacceptable from the standpoint of
continuity of mass.

o Abrupt changes exist in the alopes of wind peak
concentration, cloud width, and cloud height with down wind

distance.

o Mass loss of the rimary chemical due to reaction,
dissociation, deposition, etc., cannot be accounted for
properly.

£.,2.3  Model for the Pasmsive Dispexrsion Phase

The model we have discussed below has none of the above
limitations. It provides for smooth transition from the box type
dispersion to the passive dispersion. All parameters are matched
and are continuocus through the transition region.

] Let Xp be the distance from the relesase point to the ground level
3 center of the cloud at which any one of the transition criteria
indicated in equations 5.2.17a or 5.2.17b is satisfied.

The detailed derivation of the equations describing dispersion of
vapor from a cylindrical volume source is indicated in Appendix
B. In this model the concentration distributions at any point
down wind of the transition point are calculated as follows:




1. The volume source of vapor is assumed to be a uylindrical
vapor cloud at the origin (i.e., the spill point)

2. The physical dimensions of this pseudo vapor cloud at the
origin ard the same as that of the "box" vapor cloud when
' the cloud center is at the transition point (Xyq).

3. The oconcentration, tamperature, and density of the
cylindrical cloud at the origin are the same as that in the
"hox" cloud at the transition point.

4. The dispersion coefficients o, and og are calculated for
the atmospheric stability and t‘o distance (from the origin)
at which the concentration values are desired.

5. Cloud concentrations are caloculated using equation 5.2.15
and other equations given in Appendix B.

In this model, the post transition i}lpcrlion is handled in
exactly the same way as in the initial phase of dispersion,
describad in section 5.2.2., except that the radial spread and
entrainuent induced by the density effects are turned off. In
addition, we assume that since the transition occurs at very low
density deviations (from that of air) chemical reactions and
asrosol evaporations, if any, are completed bhefore the
transition. This approach ensures that in the post transition
region, the mnass of the chemical ic conserved and that the
continuity and smoothness of c¢oncentration=with-distance and
cloud size-with-distance are ensured.

Fron the equations presented in Appendix B it can be easily seen
that at large distances (large compared tvo the transition
distance or distances at which the values of the dispersion
parameters are of the same order of magnitude as the respective
dimensions of the box cloud at transition) the concentration
distribution given by equation 5.2.15 tends towards a Gaussian
profile in the horizontal and vertical directions.

The results of application of the above equations to several test
cases and the sensitivity of the results to perturbations in the
values of the parameters are discussed in Chapter 6.




A plume results when tha chemical vapor is released continuously
from the source. This may arise due to the slow evaporation of a
volatile chemical or due to the long term release of a flashing
chemical. The "plume" model for a heavy vapor is in most respects
similar to that of the "puff" model. However there are a few
important differences. We list below the assumptions made in the
nodel discussed in this section.

5.3.1  Assugptions
In the model presented below it is assumed that the:
1. geomaetry of the source of vapor is always rectangular.

2. mass flow rate of vapor through the source "window" is
constant.

3. dispersion in the longitudinal direction is negligible.

4., entrainment rate is not affected by the presence of liquiad
aerosol particles.

S. dispersion of the plume can be modeled as a heavy gas "slab"
moving down wind and diluting, together with a superposed
passive dispersion of the slak edges.

5,2.2  Modeling the Plume Dispexsion in the Heavy Gas Phasas

In our model for describing the dispersion of a plume of vapor
two simultanecusly acting phenomena are considered. These are the
heavy gas effects which induce lateral expansion of the plume and
the air entrainment and passive dispersion effects which result
in the plume edge dilution. We model the dispersion in the heavy
gas plume in two parts, similar to the model for the puff
dispersion.

In part 1 the dilution of a heavy gas "slab" is modeled. In this
part the density effects are considered in both the lateral
expansion of the "slab" and the rate of entrainment of air into
the plume. In part 2 the passive dispersion using a modified
Gaussian model is superimposed on the slab dispersion. This
superposition is performed as follows. First, the plume is
alloved to disperse as a slab. The result of this is that at any
down wind position (say, X) the cross section of the plume is
still a rectangle. The overall dispersion results for location X
are now calculated by transposing the slab conditions at X (as
calculated by the heavy gas "slab" model) to the origin of the
plume and letting this pseudo slab disperse as a neutral density
area source. The conditions at X are now calculated using an area
source Gaussian model described in saection 5.3.5. Once the heavy
gas effects become small only the area Gaussian model is usaed to
describe the down wind concentrations.
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Bart 1: Formulation of the Model for the "SLAR" tvpe Dispersion

The schematic representation of plume dispersion in this phase is
indioated in Figure 5.3.1., At the origin (X = 0), the vapor flow
characteristics are known. That is, the window geometry (Wi, Hjy),
vapor density, mass flow rate of chemical and air, aerosol
fraction in the vapor stream, vapor temperaturs, etc.,, are known.
These values are calculated using the appropriate source models
discussed in Chapter 2. For example, if the initial source is a
jet of vapor/aerosol the amount of air entrained into the jet
before the jet velocity reduces to the local wind speed value is
calculated. Using the thermodynamic models discussed in Chapter 3
the thermodynamic condition of the vapor flow at the beginning of
the dispersion regime (i.e., at the "window") is caloulated. A
similar approach is used if the source of vapor is from a
vagorilinq 1igquid poel. A wind uptake model described in Chapter
2 is used to determine the dowrwind vapor mass flow rate, the air
flow rate and the size of the initial "window" for dispersion. In
this case, the dispersion regime starts very close to the down
wind edge of the pool.

The mass flow rate at X = 0 is given by:

Mg = P4 2 W Hi Ugpe,d (5.3.1)
and the volume flow rate is given by
Vi = 2 Wy Hy Ugp,y (5.3.2)

Also, the mass flow rate is related to the chemical vapor flow
rate and the air flow rate at the origin by the equation:

Mi - uch + M"i (50303)
where,

Mgn = The constant mass flow rate of the chemical

My,i = The mass flow rate of air at the source

Consider a plume "slab" of width 2 W, height H and longitudinal
extent dX located at the down wind distance X from tha origin
(see FPigure %5,3.1). We now write the following equations.

P = Ug/Uty = (kyga' H 1/ Upr + Lateral Expansion (5.3.4)
Velocity

-%%— - H,' = 2pa [ Wup + Hug ] ; Mass continuity (5.3.8)

where ﬁa' is the masa rate of entrainment of air per unit
distance (along the wind direction).
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Figure 5.3.1: Schematic Diagram Showing the Dispersion of a
Heavy Gas Plume
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The entrainment velocity equations are the same as for puff
dispersion. These are equations 5.2.11 and 5.2.12 in Section
5.2.2.

-The rate of heat aexchangs between the ground and the plume is

given by

6a' = h(Tqg=-T) 2W (5.3.6)

vhere the left hand side of the equation represents the heat flux
ni-om tiu ground into the cloud per unit distance along the wind
direction.

The translational speed of the plume is assumed to be the mean
wind speed over the depth of the plume. This is represented by
the following equation.

Upp = § (n) (5.3.7)

This is different than is some models where the translational
speed of the plume is defined to be some fraction of the wind
speed at the top of the plume. 'The representation we have used
is based on the physical situation.

Paxt 2: Modal fox the Area gource Passive Dimpaxsion

The characteristics of the "slab®" plume at any down wind location
X can be obtained by solving the equations 5.3.1 through 5.3.7
and using the thermodynamic models described in Chapter 3. Let,
Cy = slab mean concentration of the chemical, Wy = Semi width
o§ the slab, and Hy = Plume depth, be the parameters at X
caloulated using the "slab" model described above. The actual
concentration distribution in the plume in the Y and 2 directions
at the down wind location X is now given by,

C(X,Y,2) - CX BY Bz (5.3.8)
where, Wy = ¥ Wy + Y
BY - 0,5 % [ .rf(i-a;m-) + .rf(z—%ﬁ-‘r) ] (5.3.9)
and

H, - 2 Hy + 2
X X
Bz m 0.5 % [ 0:\:‘!(2 Ch X ) + erf(z——(—roz X ) (5.3.10)

In the above equations ¢, and © are the Pasquill dispersion
parameter values (discuuzd in Cﬁaptnr 4) for the distance X
under the prevailing atmospheric stability.




The equations in Part 1 are solved numerically to calculate the
"gslab" plume parameters downwind. The results are then used in
equation 5.3.8 to calculate the concentration distribution at the
down wind location. The gaguence of calculationg is indicated in
Table %.3.1. These calculations determine the following
paramsters at any downwind cross section of the plume.

(a) Lateral extant of the plume and the plume depth in the
"glab" model.

(b)’ The plume translational velocity and the mean mass flow rate
at the section.

(¢) The mean density of the vapor ocloud and its mean
tenperaturs,

(d) The cross section averaged vapor concentration and liquid
asrosol concentration, if any.

(e) The distribution of oconcentration both horizontally and
vertically.

Transition to Passive Dispersion Phase

As in the heavy gas puff dispersion model we assume that the
effacts of density driven lateral flows are relativaly
insignificant when the Richardson number (Ri, defined in equation
5.2.16) is of the order of unity. The heavy gas "slab" model is
exercised until one of the conditions indicated in equations
5.2.17a or 5.2.17b is wsatisfied. The applicable transition
criterion is determined by comparing the model results with test
results. This 1s discussed in Chapter 6.
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IABLE 5.3.): SEQUENGE OF CALCULATIONS IN THE PLUME MODEL

Step # Caleulation

Using the initial conditions of mass flow rate, vapor
density and the width of the "window", the height of the
window is calculated by a process of iteration using
equation 5.3.7 and the known wind spsed charactaristics.

The lateral spread rate at X = 0 is calculated using the
initial conditions ¢given and equation 5.3.4.

The antrainment velocities are calculated using equations
3.2.11 and 8%.2,12. Substituting these in equation 5.3.5
gives the mass flow rate in the plume at location X + d4X.

The heat flux into the cloud is calculated using -equation
5.3.6.

Knowing at section X + dX the mass flow rate of air, the
nasa flow of the chemical, and the total heat added into tha
systen from X = 0, the new thermodynamic condition of the
plume is calculated using the models described in Chapter 3.
This gives the density, temperature, and the concentration
(Cx+dx) of the cloud.

With the known mass flow and width (from atep 2) at X+4dX,
the value of plume depth, Hy,ay, is calculated as in step 1.

Equations 5.3.8 through 5.3.10 are now applied to calculate
the true oconcentration distribution within the plume at
position X+dX.

The value of X is now incremented and steps 2 through 7 are
repeated,

A stable numerical integration results if the step size dX is

chos

en to be sufficiently small.




= Tl R A T L LR P AR A I D e T T T T P S

5.,2.3 Passive Phase Dispersion Model

The dispersion in the post transition phase is characterized by
no heavy gas effects and dilution dominated by atmospheric
turbulence. We model the plume bshavior in this phase by
assuming that the vapor concentration in the post transition
ragime s significantly small so as to neglect any chemical
reaction effects.

The model used to describe the concentration distribution in the
lume is the area source Gaussian model. The area source of vapor
s assumed to be at the origin (l.e., at the location of the
original source of vapor). The size and vapor concentration of
this area source are tha same as the "slab" model valuas at the
transition point. This approach ensures that the concentration
and other property and geometrical parameters are continuous at L
the transition point. !

The vapor oconr=ntration in the passive dispersion phase is .
determined by, ]

p By B, (5.3.12)

Cc(X,¥,2) - c
whers, Wy = ¥ W, + Y
By = 0.5 W[ "‘(5'%;7§7") + .r:(;-%;Tﬁy-) ] (5.3.13)
and

' H,r-z HT+Z
Bz = 0,5 % [ lt!(;ﬁ;;zgy-) * .rt(f_;;Tiy-) ] (5.3.14)

where Cp, Wp and Hp represent, respectively, the slab model
concentration, semi width, and plume depth at the transition
point (Xg). The derivation of equations 5.3.12 thru 5.3.14 is
indicatodT in Appendix B.

At larga distances from the source, or more pracisely, when the
following conditions are satisfied,

2 OyX) 2 (%)
> 5 and > 5 (5.3.185)
Wrp Hyp
it can be shown that the maximum concentration within the plume L
is given by,
2 Wp Hop

TOy(X) O (X)
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However, when Y>>Wm and Z>>Hp the concentration in the plume is
given by the Gaussian equation,

y? 22
C(X,Y,2) =  Cmax exp(~ 3 ) exp( - E— ) (5.3.17)
2 oy 2 oz

The models derived in chapters 2, 3, 4 and 5 are coded into a
comprehensive computer code written in FORTRAN. The details of
tha computer code, the names of the various subroutines and the
general calculation flow chart are described in Appendix C.

The application of the dispersion models derived in sections 5.2
and 5.3 to specific releasae conditions is discussed in Chapter 6.
Also discussad in Chapter 6 are the sensitivity of the results
from the models to the values cheosen for the various parameters.
Tha models are also applied to the conditions of different field
experiments and the results from the models are compared with the
test data.
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CHAPTER €
COMPARISON OF FIELD TEST DATA WITH MODEL RESULTS

The model developed in this project, henceforth called the "model",
was validated by comparing its predictions with field test data. These
comparisons are discussed in section 6.1. One set of values for the
entrainment coefficients and transition criteria was used for all of
the validation exercises. These values, obtained from the literature,
were also varied to dstermine the sensitivity of the results to the
values chosen. In section 6.2 this sensitivity analysis is discussed.
An overall discussion of the model results is given in Chapter 7.0.

6.1 Model Validation
$.1.1  Introduction

The field test data with which the model results are compared include
a variety of release rates, weather conditions, and four of ths six
chemicals reviewed in Chapter 3. The release conditions for these
tests are summarized in Table 6.1.1 (additional test details can be
fourd in the references cited in each of the sections below). The
spacific field tust data used are from: 1) Eagle 3 and 6 (E3 and E6)
nitrogen tetroxide releases, 2) Desert Tortoise 2 and 4 (DT2 and DT4)
ammonia releases, 3) Lyme Bay V and VI (LBV and LBVI) chlorine
releases, 4) U.S. Army Phosgene Test 1 (PT1), and 5) Thorney Island 8,
9, 11, 13, 45, and 47 (T108, 09, 11, 13, 45, and 47) freon releases,

As shown in Table 6.1.1, the first three sets of tests are continucus
opill testa. A major reason for including the Thorney Island freon
tests is that they include both instantaneous and continuous raleasaes.
The freon was assumed to be a non-reacting chemical; in addition, it
was released at anbient tamperature and pressure and thus no aerosols
were preasent.

Mcodel comparisons with the field test data are complicated because the
test data are presented in a mixture of formats. Some data have been
presented as average centerline concentrationa at ground level as a
function of downwind distance from the source. Other data are peak
concentrations recorded or area averaged concentrations. The model
predictions shown are for time average centerline concentrations at
ground level. The relation of this type of concentration data to the
various test data is discussed in the appropriate sections below. In
addition, in many of the tests the exact source strength is unknown
causing more uncertainties in the comparisons.

The entrainment coefficient and transition criteria parameter values
were constant for all of the model results shown. Entrainment
coefficlent values used in the models are based on values from
Carpenter, et al., 1986 (the definition and value of C, and the value
of top entraimment coefficient have been changed) and are shown in
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TABLE 6.1.1 Experimantal Conxlitions for Field Tests
Trial Chemical spill Spill T,;, RH Wind Pasquill
pass rate speed stability
kg k3/» K ¥ ws
R3 N, O 6350 33.7 295 45 3.9 E
E6 N; O, 5000 16.9 296 35 6.2 D
pr2 NH,4 29900 117 304 18 7.2 D
pré NH, 41100 108 306 21 5,6 D-E
LBV Cl, (15 min. @) 11.5 286 B2 4.1 B
IBVI Cl, (15 min. @) 7.0 286 88 3.6 D *
PTl CoCl, 236 Inst. 289 15 1.0 F
TI08 Freon 1890 Inst, 290 88 2.4 D
TIO0S Freon 1890 Inst. 292 87 1.7 F
TI1ll Freon 3180 Inst. 285 74 5.1 D
TI13 Freon 3150 Inst. 286 77 7.5 D
TIAS Freaon 3370 7.4 286 100 2.3 E=-F
TI47 Freon 3290 7.1 287 97 1.5 F

* At 10 meters height:
protile (sew Equation 4.2.24).

TABLE 6€.1.2

measured or calculated assuming a logarithmic

Criteria Values

Entrainmwent Coefficient Valuus and Transition

Entrainment Coefticients:

kK = 1,07 = 0,50
o = 0,7 ﬂ1 = 0,08
£ = 0.55 By = 0.3
Transition Criteria: _ 9
(pc/pPy = 1) < 10°3 RL < 1.0
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Table 6.1.2. Also listed are the two transition criteria used and
their values, based on the review by Raj, 1983.

The following subsactions contain discussions on the various field
tests. In the first subsection, Figure 6.1.1 is discussed in detail
as an example of the figures that are presented for each test casa.

6.1,2  Eagle Nitrogen Taetroxide (N,Q.) Field Tests and Model Results
Compaxisons &

In September and October of 1983, Lawrence Livermore National
Laboratory conducted a series of lsrge-scale (3-5 m}) nitrogen
tetroxide (N,0,) spill tests at the Frenchman Flat area of the
Department of Energy's Nevada Test Site for the US Air Force
Engineering and Services Lakoratory, Tyndall AFB. These tests were
designed to provide source strength characteristics and heavy gas
digpersion aspects of large N,0, spills under various conditions
(Koopman, et al., 1984; Crmak, et a‘.'l., 1987; Goldwire, et al, 1986).

Eagla 3 (E3)

As reported in the above references, in both this test and Eagle 6 the
N,O, was spilled in a nultiexit, unconfined configuration to
di-tributu the chemical over a large area in order to evapcrate it as
quickly as it was spilled. The N,0, is reported to have scaked into
the lakebed playa surface, however, and outgassed for several hours
after the spill terminated. The surface vapor t rature measurement
indicated that the N,0, bacame frozen. HNOy; mist formed near the
source due to reactions between the N, 0, and the water vapor in the
air (humidity was 45%). No data for the HNOy concentrations were
given, so no estimate of this effect can be made. Estimating the
source strength was difficult due to non-availability of direct
measurements of the vapor source strength. Downwind flux calculations
based on the measured concentrations account for only 20% or less of
the chemical relesased. Other uncertainties in concentration were
caused by: 1) Using gas sensor instruments that were optimized for
liguefied natural gas (ING) detection and which did not perform as
expected during all of the Eagle tests. 2) Using the measured N,O,
concentrations at 25 maters downwind to derive the NO, concentration
using a temperature dependent rate constant. 3) Assuming the gas
sensors at 25 meters downwind would only detect N,0, and not NO,. The
downwind average centerline volume rcent concentrations (C(x,0,0))
were calculated from weighted Gaussian fits of concentration contour
data (Ermak, et al., 1987).

The model was run with the release conditions shown in Table 6.1.1.
The source strength was assumed to be 20% of the spill rate, based on
the results of the downwind flux calculations cited above. A one
minute concentration averaging time was used, since time averaged
contours over approximately a one minute period were used to reduce
the data. '.he concentrations used for comparisons were the total NO,
and N,0, present at each measurement location, as reported by Ermak.
The comparison of the model results and the test data is in Figure
6.1.1.
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The model results are in good agreament with the measured test data,
as the figure shows. There are ssveral important gensral points to
nots in this figure, as similar characteristics are evident in all of
the model / data concentration comparison graphs. The first is that
the data are presanted as pluses (+) and the modal results as solid
1ines (~—); in addition, the graphs are drawn on log,, scales. The
ooncentrations are all presented in gim units; the x axis, however,
can have units of either downwind distance or time since release,
depanding on the test.

The first slope change in the line dencting the model results (marked
by the A) is in the heavy gas dispersion region and is due to the
increased vertical mixing that results (in the model) due to
atmospheric turbulence. As an exawmple, if this mixing is turned off,
leaving only heavy gas effects, the concentration would decreass as
shown by the dashed line (- = =), which is marked with a B, The
second slope change (marked with a C) occurs at the point where
transition from heavy gas to passive dispersion occurs. The slope
changes since the heavy gas effects in the model arse turned off,
leaving only the vertical and horizontal passive mixing effects.

Eagle 6 (E6)

The release conditions for this test were very similar to those for
Eagle 3, discussed above. This test had a smaller spill rate; again,
the dati presented only account for 20% or less of the amount of
chemical released. The source strength used in the model was,
therefore, only 20% of the spill rate. A one minute averaging time
was used. The data for the 25 m position were derived from measured
concentrations contours averaged over more than one minute; but the
data for the 78% meter position were derived from only one time
contour due to a lifting of the plume from the ground during most of
the spill duration. The comparison of the model results and the
measured data is in Figure 6.1.2., Again, the model results agree well
with the measured data. For this test, one of the data points falls
after the model transition point.

Unfortunately, the Lawrence Livermore group that has published the
test data has not indicated "error bars" on the data reported. It is
generally known in dispersion physics that the concentration at a
given location in a teat varies with time even when all conditions are
seaningly steady. A peak to mean ratio of 2 for concentrations is
genarally accepted for center line concentrations and larger values
have been found for locations at the off center line locations of
plunes and puffs. Therefore, if we assume "error bars" of i+ 2 factors
around the mean, it is seen that the data and the nodel predictions
agree remarkabhly wall. :
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6,1.3 Desext Tortoise Ammonia (NH:;) Field Tests and Model Results
comparisons

Four (4) large scale (15-60 x’) pressurized anhydrous liquid ammonia
(NHy) spill teats were conducted at the Frenchman Flat area of the
Department of Energy's Nevada Test Site in August and September 1983
by the lLawrence Livermore National Laboratory (LINL) for the US Coast
Guard, The PFertilizer Institute, and Envirorment Canada as a joint
Goverrment and Industyy study. Ammonia was released at a constant
pressure from a 0,094 m diameter orifice forming a horizontal jet.
The releass prassure was hald constant by external pressurization of
the ammonia tanks with nitrogen. The released ammonia flashed and
formed a radially expanding two-phase jet. The effective velocity of
the jets ware > 20 n/s at the releass point and velocities greater
than the ambient wind speed persisted for several hundred meters
downwind., The velocity of the plume, as it passed through a sensor
array at 100 meters downwind, was estimated to be 10 nm/s (Goldwire, et
al,, 1986; Ermak, et al., 1987).

Dasart Torxtoise 2 (DT2)

Concentration data are ¢given in the above references at each of the
downwind sensor array locatiocna (100, 800, and 1400 m). The released
ammonie was still a jet at the first line of sensors (100 m) with an
estimated velocity of 10 m/s (wind speed was 5.76 m/s at 2 meters
height). The average centerline concentrations were calculated by LINL
using a weighted Gaussian fit of the averaged centerline concentration
contours. Downwind flux calculations accounted for only 70% or lass of
the released ammonia. No error bars on the concentration data have
besen reported.

The release conditions for this test are shown in Table 6.1.1. A one
minute concentration averaging time was used to genarate the model
resulta. The source strength was taken to be 70% of the spill rate,
due to the flux calculations above. The comparison of the test data
and the model predictions is shown in Figure 6.1.3. The model
predictions are below the data during the initial phase of the
dispersion. This is due to an over-prediction of thae air entraimment
during the jet phase of the dispersion. Again, as before, we contend
that the model and experimental results agree very well. However, as
can be seen from Figure 6.1.3, there is not much distance resolution
in the data. It is not possible to state whether the concentration
predicted for 10 km distance was indeed realized in the test.

DResert Tortoise 4 (DT4)

This test is very similar to n'2, and thus the details are similar.
The differances are: data are available at 2800 m downwind instead of
1400 m and three minute averaging times were used for the data
calculations and the model results. The comparison of the average
centerline concentrations calculated from measured data with the model
predictions is shown in Figure 6.1.4. The model predictions are
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closer to the measured data for this test, due to a better prediction
of the jet air dilution.

It is to be noted, howevaer, that the predicted concentrations are
consistently lower than those observed in the test. We are unsure of
the precise reascns; however, we can discuss several possibilities.
First, the diffusion of air in our model may be overestimated. The
effect of varying the entrainment coefficients are discussed in
Secticn 6.2, The second explanation could be that the test data are
suwbject (or at least incomplete because of lack of error estimates).
However, notwithstanding all of the above possibilities, it is
gratifying to note that the agreement between measured and predicted
concentration values are within a factor of 2.

6.1.4 Lvae Bay chlorine (Cl.) Field Tests and Model Results
Soxparisons

A series of trials of continuous releases of pressurized liquid
chlorine was conducted by the Chemical Dsfence Establishment of Great
Britain in 1927. Data from these trialsc and their analyses have been
indicated by Wheatley, et al. (1987) in a recent report. The report
on the trials is detailed enough to allow comparisons of the measured
data with dispersion models. The trials were conducted at sea by
having a ship release chlorine as it steamed perpendicular to the
wind., Four submarines with sensors on masts were positioned at
different crosswind distances from the ship and also sailed
perpendicular to the wind keeping the masts in the smcke colored
chlorine cloud (see Figure 6.1.5).

Model comparisons with the chlorine concentrations for two of the
trials are discussed below. There are several uncertainties in the
comparisons including:

1) There is insufficient information on the initial conditions
of the release

2) There is insufficient information on the atmospheric
conditions at sea during each trial: in fact, the
applicability of the land based stability parameters to the
atmosphere over the sea is questionable.

Lyne Bay V. _(LEV)

The rulease conditions for this test are shown in Table 6.1.1. The
cumparison of the measured concentrations with the model predictions

'is shown in Figure 6.1.6. The model results are one minute time

average centerline concentrations, C(x,0,0). The model predictions
for this post transition dispersion data agree well with these data.

Uncertainties in the exact relative position of the submarines with
respact to the ship are covered by the horizontal data range. For the
vertical concentration range shown: 1) the lower concentration value
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at each downwind distance is the mean of all one~minute averaged
- conoantrations for all sensors on the submarine (3 sensors at 3.0 m, 1
"at §.1 m and 1 at 9.1 m) and 2) the upper concentration value is the
peak one minute average concentration. For two stations only the
- continuous concentrations data are available and thus no peak one
- minute average data are shown.

The atmospheric stability parameter for this trial is reported as
Pasgquill stability B based on the reported conditions. As stated
above, the use of the SP scheme over water is questicnable. The
possibility of having moderately unstable conditions over the sea is
also questionable. If a D stability had been used in the model, the
predicted concentrations at each distance would have been higher.

Lyna Bay. VI (JRVI)

The release data for this test are shown in Table 6.1.1. The
comparison of the measured concentrations with the model predictions
is shown in Figure 6.1.7. The model results ars one minute time
average centerline concentrations, C(x,0,0). Here, the model
predictions are very nsar the measured data.

The data shown are similar to those described above. For this test,
peak one minute average concantrations for all downwind distances were
reported by Wheatley, et al. The stability parameter for this trial im
D based on the reported conditions.

A comparison by Wheatley of these data and the data from trial LBV
showed there was no change in the mixing rate of the air in the
atmosphere between the two trials. The atmospheric stability parameter
value is dependent on the air mixing rate, howevar, and thus it should
have bsen the same for the two triala. They are reported as being
different in the original trial report. This may be due to the
inapplicability of the land based stability determination scheme to
over sea atmospheric conditions (Wheatley, et al., 1987). The model
predictions for the two trials seem to confirm this, since for LBV the
pradictions are lower than the data, and for LBVLI, they are slightly
above the data,

6.2.5 U.8. Ay Phoagens (COCLl,) TField Test and Model Results

Field releases of chemical agents, including phosgene, were conducted
by the U.8. Army in the 1940's. The declassified results from some of
the tests were communicated to TMS by the Army Chemical Syatems
Laboratory (CSL) in 1983 (CSL, 1983; Raj, 1983).

rPhosgene Txrial 1 (PT1)

Phosgene was released from a 0.2 m drum using 0.4%5 kilograms of
dynamita. The initial source cloud was estimated by Raj, 1983, %o ke
a oylinder 40 meters in diameter and 2 metars high. The
concentrations were measured by observers working in the visible cloud
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with injector and bubblers and with anap sampling equipment. The
measured data usad for comparisons wera the highest observed
:concentrations at 0.7 m height. The results from tha use of the
. instantansocus release model are for one minute average centerline
- ground level concentrations, €(x,0,0). The comparison of the test
data with the model results is shown in Figure 6.1.8. Here, thea model
and data are in excellent agreemant. .

Extensive field trials on the disporsion of heavy gas clouds at ground
level in the atmosphere wers parformed by a consortium of groups from
10 countries lead by the Health and Safety Executive in Great Britain
(Ermak, et al., 1987; McQuaid, 1985; Brighton, et al., 19835; Brighton,

1983; Spicer and Havens, 1983; Pfenning and Cornwell, 198%5; Wheatley,
et al., 1986; Carpenter, et al., 1986; Puttock, 1986).

Numerous gas clouds (fixed volume, isothermal) of varying density
. (pe/p,) Freon and Nitrogen mixtures were instantaneously released in
: the a‘:monphcr- and gas concentrations were carefully monitored using
& sensors placed in the downwind range of the clouds. In the
3 instantaneous raleases, a nearly oylindrical bag with a volume of
. 2000 »* was filled with a mixture of Freon and Nitrogen. The top and

, sides of the bag were quickly removed relsasing the entire contents at

once. The mixture immediately started a gravity slumping expansion.

' Additional trials having continuous releases of the gas mixtures were
X also performed. In these trials, the gus mixture was stored in the
- bag but then conveyed through an underground duct to the release
point. The dischurge end of the duct was designed so that tha
material was raleased with no vartical and relatively small radial
momentum.

The extensive senscr and visual records of the trials provides a
reliable dats base for use in validating physical and mathematical
models of heavy gas dispersion.

The mocel results are conmpared with data frorm six of the Thorney
Island trials in the discussion below. Four of the trials compared
were instantanecus releases and tso were continuous.

6,1.6.1 Thorney Island Intantaneous Releanus

The initial conditions of the four instantaneous release trials
compared are listed "able 6.1.1. Individual trials are discussed in
greater detail in the following sections. For all instantaneous
releases, the lowest and highest time data points are not entirely
reliable dus to tailing off of the concentration at the edyes of the
¢louds and senso. lower limit resolution (Brighton, 1985), 1In
~ addition, the transition from heavy gas disperasion to passive
' dispersion as predicted by the medel ocours at a distance larger than
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the farthest data sensor array making validation of predicted far
field concentrations with the available data impossible.

TIhorney Island Trial 8 (TIO6)
This trial, T108, and TIO9 are similar except for the stability of the
atmosphere and the wind speed. The comparison of the trial's gas

sensor data with the model prediction is shown in Figure 6.1.9. The
model predictions and data agree very well. '

Comparisons of photographically derived data for cloud location,
height, and area in the initial collapse of the gas cloud and the
model predictions for this period are shown in Figures 6.1.10a, 10b,
and 10c. The model predit¢tions for cloud height were very good for
this time pariod, as the figure shows. The cloud area predictions have
the correct slope, but are offset from the data resulting in
overpredictions. This offset may be due in part to the initial period
of ¢loud dispersion when the stationary cylindrical cloud is
accelerated and becomes horseshoe shaped as the edges are eroded by
the wind. The cloud centroid locations are predicted with the least
acocuracy for this trial.

Thorney Island Trial 9 (TIO9)

This trial, Ti09, and TIO8 are similar except for the stability of the
atmosphere and the wind speed. The comparison of this trial's gas
sensor data with the model prediction is shown in Figure 6.1.11. The
model predictions are in good agreement with tha data.

Comparisons of photographically derived data for cloud location,
height, and area in the initial collapse of tne gas cloud and the
model predictions for this period are shown in Figures 6.1.12a, 12b,
and 12c¢c. The cloud height predictions are in excellent agreement with
observed data for this period, as the figure shows. Here, the cloud
centroid location is more accurately predicted. Again, the cloud are
predictions are offset from the ocbserved data, but they do have the
correct slecpe.

Soma additional uncertainty in the data for this trial exists due to
the extreme stableness of the atmosphere during this test:; it is
believerd that some gas was trapped in the yrass at the test site and
it dispersed more slowly than would be predicted. The cloud remained
in the sensor field for the longest time of any of the trials, and the
cloud was very flat. None of the upper sensors in the field (4.4 and
6.4 maters high) detected gas; only the two lower sensors (0.4 and 2.4
meters) detected any. This test also was run during high humidity
conditions which could have caused erratic behavior of the sensors.

Thorney Isgland Trial 11 (TI1l)

The comparison of the trial's gas sensor data with the model
prediction is shown in Figure 6.1.13. 1In this figure, the transition
from heavy gas dispersion to passive dispersion is shown = it occurs
at the end of the available data, thus no validation of far field




Thornay Island 08 Fraon Raleasa

Spi1) Rate 1890 kn
Source Rate INST,

!- 1n¢ ngl 2.4 lll .
Rolmu -
% T—— Husldity 88 3
& il Ahmghoric
v stapility O ‘
c ]
0 .
i s
)
0 '
L -
+ s
c "
(']
0
[+
B * Tout Dute (Prom Cleuver: at ol 1008)
wsune fagal Nasulite (Inaluding eide end g
Sep W1PPLEIEN YN L6 enBlem .
suwrbuionse end hauvy gee offeste)
T L) ¥ rryset l o T Ty I1 L} LR AR B ) Tr y ¥ T yureyrry !
1P Ty 10t 10® 10

Tima Sirncae Ralacsa (s

Elgure 6.1.9: Comparison of Mode! Predictions for Downwind Centerline Concentration
with Test Data from Thorriey 1slond 08 Freon Releuse

Thormaey leland 08 Freor Ralecsae

0.
Teos Dete (From Closvar. &t sl., 1008)

~ se X Overhaed Prwtagrepte X
5 + Hidrunga Stueviey Phategraghe x
c 48] pmes Hudie]l Rasulte (Ineluding wide end
0 Lap diffusion duwe 4o anhient X
oy o Surbulenes and heavy gees offewsa) X
»
L] X

8.y
g x
i 20, X (
L X
/] [T
+ X
c
o 18 B
U = .
) 10
2
0 .-
~—
U (-1

T T
[} 40 80 o0

Tima Aftaear Releasae (@)

Elgure 6,1,100: Comparison of Model Predictions fo, Downwind Cloud Poslit{on
with Test Doto from Thorney Islond Ou Freon Release

6-15 )




Thorray Island 08 Freon Ralaasa

Haeight of the Cloud .(m

Yons Oate (Frem Cleaver: s sli, I0WB)

® Uprengs Bitleview Phetographe
* Nidrange Sideviev Prwiagraphs

o= dodel Resuite Cineluiing stde e
‘ap diffusion due e msbiem
- wrbuiense ard heavy gee effests)

Tima Aftor Relecsa (=)

L Elgurs 6.1.10b: Comporison of Model Predictions for Cloud Helght with Test

Data from Thorney Islond 08 Freon Release

Thormay Island 08 Freon Relaease

Yoot Dotn (frem Clawver, as ali, 1000
10000..] X Overhoud Phetagraphe
~ * Nidrange Biduviaw Photsegrephe
E 18000 cese Hodel Rmsulss (Inaiuding sida wnd
o wap diffusion sus %5 ambians X
'] 14000, surbulenss uwnd heavy ges offeste) X
A4
x
hol 18000, X
3
et 100064
(8]
000
- 4
0
o 000 .
>
X
0 -
L 4000, X
< X
foood X
x X
.
1 I 1 ¥ T i 1 1 1
[] ] 10 18 0 " 0 s 40 48

Tima After Releosa (&)

g Elgyre 6,1,10¢; Comporison of Model Predictions for Cloud Area with Test

Dato from Thorney Island 08 Freon Release

6-16




Thormay Islond 09 Freon Raelaasa

SpiY Rate 1890 kg
Source Rate INST.
. 0121‘1 Speed ;5; ‘I/I
: r o
- fE\ Mlnmﬂ \
| 8 it ©*
Y
I & Stbility ¥ "
b 0 -
? oy o
" + N
r 0
. L -
& :
i c ]
. o l
h 0 l
: c o
b 8 ® Toat Dot (frma Clesver, ot sl 18A) 4
l« —— Wptal Results (Ineluding aive ane :_
3 ap diffusien tue Ao mablem |
i surbulense und heuvy gea offsedm)
{l ‘.. T 1} ¥ "'l""‘ v L T """'.. L) L] Tll'l;l,’ L) L] v er"O‘ :.'
t Tima Sincae Relecse (8 L
! ) Eloure 6.1.11: Comparison of Model Predictions for Downwind Centerline Concentration ;
= with Test Data from Thorney Island 09 Freon Relecse .
(
Thormay lsland 08 Freon Ralease

] . ,

~ Teot Dote (Fran Cleavar, st wl,. 10000 )

E sad it Dverhasrsl Photegraphs

v + Nidrongs Bidaviow Photagrephs

£ 48] s Made) Resuits (Insluding side end

0 we diffusian dus s wmblient

3 pru wrbulsnes end hswvy ges affests)

-y

e "~

o

20
L X !
X
X X
8 18 xx/
' b
X

3 - W

0

8 (= ¥

ot ﬁ T T T T _
] 10 =0 ] 40 20 «®

Tima After Raleasa (&)

Elaure 6.1.120: Comoarison of Mndel Predictions for Downwind Cloud Positlon
with Test Datu from Thorney Island 09 Freon Release

6-17




-8
\
N
) -
g
9
o

Thornay lseland 08 Freon Relacsa

1

Haeight of tha Cloud m

Toon Bete (frea Clamver, at al.. 1008
* Uprengs Sidaviae Pheotagruphe
* Nidrange Sideviev Phategrapin

evns Hodsl Reovits Cineluding elde el
sap diffusion dus o wshiamt
wrbuienss end hoavy gan of foste)

Tima After Raelaeaase (e

Eloure 6.1.12b: Comporison of Model Predictions for Cloud Heignht with Test

Data from Thorney 1sland 09 Freon Release

Thorrmay lsland 08 Fraeacon Relacse

88000,
Tess Ceta (Prew Cleaver, as akis 1000

18000 % Overtasd Pheotagrephs
~ * Nidrenga Sideviey Phasographe
E 10000 wms Mode) Rosuita (1naluding side snd X
a Sop diffusion doe %o asbiem X
3 14000 Surtulenss endl haavy ges effesss) x
b o) 18000 X
a
g 10006
L
4 N
Q

000
Q
]
L 4000,
<

80004

[
| 1 1 1 I
-] 18 20 [ ] ] »n

Tima Aftar Relecsa (s

Elgure 6.1.12¢c: Comparison of Model Predictions for Cloud Area with Test

Data from Thorney Island 09 Freon Release

6-18




Thornay Ieland 11 Fraom Relecsa - p

Spi1) Rate 180 '
Source Rate INST.V .
Wind Speed 5.1 w/s

Ar T i
v Roiativc'.’ -4
Hueidity 743
o Atmotpheric .

Stability 0

Concaentration {(ppm

¢ Tass ODete (Pres Closver; e\ el 100

1o d
wee Nodul Resuise (Insluding side end

p #i0fusion dua 5 wableve
wrbvienes sl heavy goe offeete)

¥ veorresr L Yrvrven \J vvvrrvoog \J LN SN B I B )

1 ot 1* w?

104
Tima Since Relecsa (e) '

Elgure 6.1.13: Comparison of Model Predictions for Downwind Centeriine Concentrotion -
with Test Doato from Thorney !sland 11 Freon Release

Thorray leland 11 Freom Relecese

L ]
Yoot Date (frea Bloaver: ot sl 1008
% Overhead Photegrepha
* Hidrange Bidaviae Phatoprephe

B

B0 wone todel Rosuits (ineluding eide and
ap diftunion dun 4o anhiens
r0. wrbuionss end henvy gee offests)

Cloud Center Position (m)'

1 I 1 |
0 0 0 0 [

Tima After Releasae (a

Elgure 6,1.140: Comparison of Model Predictlons for Downwind Cloud Positlon
with Test Data from Thorney Islond 11 Freon Release

6-19




Thormay lslaond 11 Fraon Raelacse

Yois Bate (Frew Clowver, ot ®l.. 1000
® Uprangs Cidavion Presagrephs
* Nidrengs Sideview Photegrephe

ane Mods] Rasvite (lreluding side end

1 sap diftunion due o enhiam

')

3 : rbulénca andl hastvy gus effemte)
-4

U

2

]

[

0

o - - N
& .

e

]

e of

1 1 ¥ ¥
[} | ] 4 [ ] ] 10

Tima Aftar Ralecasa ()
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nodel predictions are possible. The mocdel and data agree well,
howvevar.

Comparisons of photographically derxived data for cloud location,
height, and area in the initial collapse of the gas cloud and the
wodel predictions for this periocd are shown in Figure 6.1.14a, 14b,
and 14c. The downwind position and cloud height model predictions
were good for this time period; as the figures show. The cloud area
predictions are, again, offset from the data but they have the correct
slope. For this trial, the cloud area data do not increase until after
5 seconds.

This release and TI13 are similar since they were both quickly
dispersed and pushed ocut of the sensor field due to the high wind
speed when the trials were run. In addition, the wind direction
changed in trial 11 before releass, soc the cloud traveled to the side
of the sensor field (Pfenning and Cornwell, 1985).

Thormey Island Trial 13 (TIL3)

The comparison of the trial's gas sensor data with the model
prediction is shown in Figure 6.1.15. In this figure, the transition
from heavy gas dispersion to paassive dispersion is shown = it ocours
at the end of the available data, so no validation of far field model
predictions are possible. Some differences between the model and the
data may be caused by the wind speed increasing during the trial
(Pfenning and Cornwell, 1985). The data and model predictions are in
close agraeauent.

Conparisons of photographically derived data for cloud location,
height, and area in the initial collapse of the gas cloud and the
wmodel predictions for this period are shown in Figure 6.1.16a, 16b,
and 16c. The downwind position model predictions of the data are very
good for this time period, as the figure shows. Cloud heights are
slightly underpredicted by the model. The cloud area pradictions have
the correct slope, but are offset from the data. The data do not start
increasing until after 5 seconds after releasa.

6.1.6.2 Thorney Island Continucus Releases

The initial conditions of the two (2) continuous release trials
compared are listed in Table 6.1.1. The two trials are discussed in
greater detail in the following sections. The transition from heavy
gas dispersion to passive dispersion as predicted by the model occurs
after the farthest position data reported making validation of far
field model concentration predictions impossible.

Thorney Island Trial 45 (TI45)

The comparison of the trial's gas sensor data with the model
prediction is shown in Figure 6.1.17. The concentration data werae
presented as the peak concentration (measured). The model results are
time averaged values at ground level. This acoounts for at lsast a
part of the discrspancy between the model results and the data.
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Thorney Island Trial 47 (TI47)

o The comparison of the trial's gas sensor data with th. >del
! prediction is shown in Figure 6.1.18. In this figure, the transition
] from heavy gas dispesrsion to passive dispersion is shown -~ it ocours
at the end of the available data, thus no validation of far field
model predictions are possible. Again, the concentration data is for
peak concsntration measursd while the model predictions are for
average centarline concentrations.

{
b 6.1.7 cenclusions from the Comparison of Field Test Data with Model

. Model results have been compared to data from field tests for five
B different chemicals releassd under a wide variety of conditions. For
¥ all of the model results, the same entrainment coefficients,
¥ transition criteria, and other internal values were used. This was
Yy true for both instantanecus and continucus sources. The concentrations
- predicted agree, for the most part, within factors of two. Other data
o (Jet velocity, size, area, height, etc.) are also predicted remarkably
w;;;. Hence, we conclude that the model developed is exceedingly
good.

§,2  Sensitivity Analysis

The entrainment coefficients, drag cocefficients, and transition .
oriteria values used in the model were perturbad to test the
sensitivity of the results to changes of these parameters. In
addition, the user input parameters for atmospheric stability,
asrodynamic roughneas length, and concentration averaging time were
perturbed to show the effects of changing user inputs. A listing of
the entrainment coefficients, drag coefficients, and transition
criteria parameters perturbed is given in Table 6.2.1. The equations
(discussed in Chapter 5) in the model that these parameters are used
in are given in the second column. The recommended values for each
parameter are in the last column, based on the results of the
sensitivity analysis. Each of the parameters that was perturbed is
discussed in Sections 6.2.1 and 6.2.4 below. Data from the Thorney
Island 13 freon release test were usad for comparison in sensitivity
analysis. The sensitivity analysis conclusicns are in Section 6.2.5.

6:2.1  Entrainment coefficient Perturbations
Frovde Number (K) Perturbation

The Froude number (K), used in Equations 5.2.4 and 5.3 4, was varied
from a value of 0.5 to 2.0. The results of this perturbation are shown
in Figure 6.2.1. In all of tha figures, the middle wvalue of the
parameter is the recommended value. The model results using the value
for k obtained from the literature, k = 1.07 (the recommended value in
Table 6.2.1), fit the data much better than the model results for the
k values of 0.5 and 2.0. The effects of changing k are seen in the
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Entrainment Coefficient and Transition Criteria 2

TABLE 6.2.1
: Value Sensitivity Analysis
Possible B
Parameter Equation Range of Recommended -
Number Values Values .
Transition '
Criteria g
N
Ri!l‘ 5.2.17‘ l-10 1
(0y/P8"1) 5.2.17b 104 - 103 1x 1073
Entrainment "
Cosfficients .
a 5.2.11 0.5 - 1.5 0.7 -
5.3-6‘ "
By 5.2.12 0.05 = 0.15 0.08
B2 5.2.12 0.1 = 0.4 0.3 .
k 5.204 0.8 = 103 1007
5.3.4
Drag
Coafficients
f 5'208 ° - 1 0.55
Cb B.2.9 0 -1 0.5
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initial heavy gas region of the dispersion since the equation in which
k is used describes the radial spread velocity of the heavy gas cloud.
After transition to pasasive, Gauszian dispersion, the model
predictions are nearly identical for all values of k chosen.

Edge_Entrainment Coefficient (a) Perturbation

The edge entraimment coaefficient, a, was varied from 0.3 to 1.5. The
model results from this perturbation are shown in Figure 6.2.2.
Changing this parameter has a great effect on the initial centerline
<oncentration since it helps determine the mass of air entrained by
the gravity spreading cloud during the heavy gas phase. The value
obtained from the literature, a = 0.7, gave results that best modeled
the test data. The model rasults using the a value of 2.0 flatten ocut
because.this value gives a transition to passive dispersion after only
30 seconds when the cloud is approximately 80 meters downwind from the
release point. The effects of passive dispersion are not significant
until the cloud has traveled several hundred meters, which is where
the concentration curve again slopes downward in the figure.

Top Entrainment Cosfficlents (4,.and 4,) Perxturbation

The top entrainment coetficlents, g, and §,, were independently varied
from 0.004 to 0.1%5 and 0.1 to 0.5, respectively. The model results
from these perturbations are shown in Figures 6.2.3 and 6.2.4. There
is very little effect on the model results if changes are made to
either of these parameters, although there are different reasons for
the lack of effect. Changes in 3, affect the model raesults only when
the Richardson number (Ri) falls gelow 1. Since it is above 1 for this
test, changing it has no effect on the dispersion (See Figure 6.2.4).
The changes to 8, have some effect on the model results, though not
nearly as great as changes to a, or k. This is due to lesser
importance of top entrainment than edge entrainment in the heavy gas
phase of dispersion.

6.2.2  Transition Criteria (Ri) Perturbation

The transition from heavy gas dominated dispersion to Gaussian
dispersion occurs in the model when the Richardson number (Ri) is of
the order of 1. The model results obtained using Richardson number
transition criteria values of 5, 1, and 0.5 are shown in Figure 6.2.5.
The model results using the recommended value for Ri of 1 predict the
test data the best.

6.2,3 Momentum Transfer Coefficient Perturbationg
Edge Momentum Transfer Coefficient (f) Perturbation

The total horizontal momentum brought into the cloud due to side
entrainment of air is assumed to be a fraction (f) of the mean
horizontal momentum of the entrained air. The model results using
values for f of 0.2, 0.55, and 1.5 are shown in Figure 6.2.6. Using
th: recommended value, f = 0.55, the model predicts the test data very
well.
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Ground Drag (G ) Coefificient Parturbation

The ground drag cosfficient (CG,) was varied from 0 to 1.0. The modiel
results using these values are shown in Figure &§.2.7. There is very
little effect on the dispersion results, since the ground drag term in
the nmomentum transfer equation is, in general, smaller than the air
entrainment nomentum transfsr terms.

$.2,4  Usar Input Parameter Perturbations
Pasquill Atmosphexic Stability category (SP) Perturbation

The atmospheric stability class greatly affects the hazard area, as
shown in Figure 6.2.8. The value recorded for the test, SP = D, ylalds
model results that predict the test data very well. A slightly more
stable atmosphere, SP = E, also yields model results that compare well
with the data, however, a less stable atmosphera, SP = C, yields
results that ars not consistent with the data. As shown, the hazard
distances for all concentrations decrease as the atmosphere becomes
less stable. This is consistent with the fact that less stable atmos-

pheres have greater mixing and thus dilute the cloud more quickly.
Asrcdvnamic Roughness Length (Z,) Perturbation

The aerodynamic roughness length was varied from 0.1 om to 10 cm; the
model results for these values are shown in Figure 6.2.9. The results
are consistent with the fact that a smaller 2, results in less mixing
and thus a longer time until a given concentration is reached.

concentration Averaging Time (t,.) Perturbation

The concentration averaging time, t,,, was varied from 6 sec. to 10
min. The results ara shown in Figure 6.2.10. Again, the results are
consistent with the fact that longer averaging times produce lower
concentration measurements at a given time. This only affects the post
transition dispersion, as shown, since the Gaussian model predictions
are sensitive to averaginy time.

6.2.5  Sensitivity Analvsis Conclusions

The model coefficlents which are internal to the program, and thus not
user changeable, were perturbed to see the effects of such changes on
the predicted centerline concentrations. The parameters and the range
of their values tested are indicated in Table 6.2.1. The values tested
for the parameters were over a wide range. It was found that downwind
concentration predictions were ~uite sensitive to the value of the
edge entrainment coefficient (a) in the heavy gas dispersion regime;
however, variation in this coefficient value had no effect in the far
field concentration values. The effect of variation in the transition
Richardson number is significant only in a narrow region of the
concentration-distance plot. The effect of variation in the values of
other parameters (k, B8,, f,, and C,) on predictions of downwind
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concentration is quite small. The model is, therefore, relatively
insensitive to the exact values chosen for these parameters. The
reconmended values for these coefficients (which give the best
agresment with data from many tests) are indicated in Table 6.2.1.
These values are used in ocur computer program.

Several user input parameters were also perturbed to show the effects
of such changes on the dispersion predictions. Thesea changes showed
that the modal results are very dependent on the user input values for
the parameters studied.




CHAPTER 7
PROJECT ACHIEVEMENTS

A comprehensive toxic chemical vapor dispersion analysls system
has been developaed. This computerized system consists of several
mathematical models for estimating the source strength,
atmospheric parameters, chemical reactions and for describing the
dispersion in the atmosphere. The system predicts the hazard
area resulting from the release of heavier-than-air chenical
vapors. To compile this dispersion analysis system, we have
developed the following models:

1. A database of properties relevant to dispersion for the
following six chemicals: nitrogen tetroxide, phosgene,
ammonia, chlorine, hydrogen sulfide, and sulfur dioxide.
The database was designed to i) allow additions, changes,
and delotions of individual chemical properties, ii) allow
additional chemicals to be added easily, and iii) provide
thermodynamic and other properties quickly to programs
needing the data.

2. Models to characterize various source types needed ¢to
provide source strength data for dispersion predictions.
These include: single source, confined and unconfined

mource, instantaneous and continuous source, liquid and/or
gas release, oryogenic or non-cryogenic liquid release
sources, etc,

3. Thermodynamic models for describing the mixing of humid air
and the chemical vapor and liquid aerosols resulting from
the chemical release. The models predict thermodynamic
conditions at equilibrium resulting from the mixing of a
known mass of humid air with a specific mass of chemical
vapor/aerosol cloud.

4. Dispersion models for predicting the hazard areas resulting
from heavier-than-air toxic chemical vapor releaves. The
dispersion is controlled by heavy gas effects initially (if
the density of the released vapor/aerosols is greater than
that of the air) resulting in rapid lateral expansion and a
low, ground huq?ing cloud. As additional air is entrained,
the turbulant nixing of the atmosphere becomes the dominant
dispersion force and the heavy g¢gas effects become
negligible. This is mocdeled by using a new, modified
Gaussian technique whereby "tails" are added to the heavy
gas '"boxes". Once the dispersion is entirely atmosphere
turbulence driven, a smooth transition from the modified
Gaussian models to Gaussian models occurs.




In addition, we have:

1.

2.

Coded the models into computer programs that can be executed
on mnmicrocomputers. The programs provide output in both
graphical and tabular forms, and execution time 1=
reasonable.

Compared model praedictions with data from saveral field
tests. The chemicals used in the fleld tests included
nitrogen tetroxide, phosgene, ammonia, chlorine and freon.
The agreement of the predictions and data is exceedingly
goed.

Performed a sensitivity analysis to determine the importance
of various parameter values on the dispersion hazard area.
The model results are relatively insensitive to changes in
parameter values.

7-2




CHAPTER 2 NOMENCLATURE

a Sonic velocity (:{s)
A Cross sectional flow area of orifice or plume (me)
Also pool area for evaporation
¢ Concentration of vapor in air (ka/md )
G Cosfticient of discharge
D Diameter (:2
Also the diffusivity of gases & vapors (m= /8) ]
4 Mass fraction of vapor or liquid :
g Acceleration due to gravity (m/8?) '
h Dapth of liquid in the tank (m)
Also heat transfer coefficient (W/m? K)
h, Mags trangfar coefficient (m/8)
H Plume depth (m)
k

Ratio of specific heats of vapor
Also the coefficient in gravity spread ecuation

Characteristic pool length (m)

Mass flow rate of liquid or vapor (kg/8) ;
Mass of chemical ~ (kg)

Molecular weight of the chemical (kg/kmole)

Nusselt numbexr

Pressure (N/m? )

Prandtl number

Heat flux from various sources (W/m? )

Ratio of ambient pressure to the storage pressure .

s<<x2<canggg ”Hsﬂﬁ'ﬁé}Kﬁ'{"

Radius of a pool or orifice (m)
Also the individual gas constant (J/kg K)
Universal gas constant (J/kmol K)
Reynolds number
Schmidt number 1
Time ()
Temperature (K)
Velocity of liquid or vapor plume (:{s)
Volume of tank or vapor cloud ()
width of plume (m)
Down wind distance (m)
Cross wind distance (m)
Expansion factor (see equations 2.3.16 & 17)
Vertical distance (m)
SURERSCRIPTS
Sat Saturation condition of the chemical

' Denotes non dimensional parameter
. Denotes "per unit time"
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SURSCRIPTS .

a Refers to the condition of atmospheric air -
c Refers to the value of the parameter at plume center

o0
ﬁwoswmm 8

8 i ¥

Also convective haat transfer condition

Also critical condition

Refers to the characteristic parameter

Exit condition (a few diameters down wind of orifice)

Refers to the ground conditions

Refers to the hole characteristics

Initial value of the plume parameter

Mass transfer ralated

Initial condition

Liquid pool condition

Release condition (of the chemical ocutside the tank after

ralease

Source condition

Saturation condition of the chemical .
Spill condition (after release from tank) ;
Translational

Conditions inside the storage tank

Condition at the throat of a nozzle ur orifice

Vapor condition

Wind value

Value of parameter in the x coordinate direction .
Value of parameter in the y coordinate direction
Value of parameter in the z coordinate direction

At a distance far from the liquid pool surface

GREEK_LETIERS AND OTHER SYMBOLS

4 QU X >a DR

Liquid condition

Thermal conductivity (m /8)
Fractional density deviation = (p/p, =1)

Emissivity of pool or atmosphere

Heat of vaporization of liquid (J{kg)
Kinematic viscosity of air or vapor (m /;3
Density (ka/
Stefan-Boltzmann Constant (W/m2 K*)

Dimensionless time
Also the shear stress between wind and plume and
~ ground and plume.
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CHAPTER 3 NOMENCLATURE

Abgolute Humidity (kg H,0/kg dry air)

Aqueous phase

Concentration (gmoles/Z2)

Total dissolved 80, (gSO,/kg H,0) s
Initial concentration (gmoles/Z1) -
Total concentraticn in the aqueous phase (gmoles/2) ‘
Concentration of phosgene in aqueous solution (gmoles/?)

Three letter HACS Chemical Code (Chlorine = 'CLX!')

Concentration of ionized SO, (gSO,/kg H,0)

Cconcentration of dissolved chlorina gas in aqueocus phase

(gmoles/2)

A vector of mass fractions of each species in the liquid

phase

Cloud Concentration Computer Program

Initial concentration (gmoles/f)

Pure component heat capacity (J/gmole K) .
Mass specific heat of air (J/kg-K) .
Mass specific heat of NO, (J/ky-k)

Mass specific heat of water (J/kg-K)

A vector of mass fractions of each species in the solid phase
Concentration of unionized 80, (ySO,/kg H,0)

A vector of mass fractions of each species in the vapor phase
Mass fraction of liquid aerosol in the initial mixture of
pure vapor and liquid of the chemical before mixing with air
The mass fraction of liquid aercsol in the released chemical
vapor/aerosol cloud

Gas

Gas phasas

Henry's law constant

Enthalpy of dry air in the final mixture (J/kg)

Enthalpy of the liquid chemical in the final mixture (J/kg) "
Enthalpy of the chemical vapor in the final mixture (J/k9)

Initial enthalpy of a chemical and air mixture (J)

Final enthalpy of a chemical and air mixture (J)

Enthalpy of liquid water in the final mixture (J/kq)

Enthalpy of solid water in the final mixture (J/kg)

Enthalpy of water vapor in the final mixture (J/kg)

Specific enthalpy at temperature T (J/kg)

Equilibrium censtant (gmoles/?)?

Equilibrium constant (2/atm s)

Equilibrium constant (1/atm)

Equilibrium constant (l/atm)

Equilibrium constant for phosgene (1/s) "
Aqueous phase

Molecular weight of air (g/gmole)

Mags of dry air (kg)

Total mass of chemical vapor and aerosol present (kg)

Mass of chemical licquid in the final mixture (kg)

Mass of chemical vapor in the final mixture (kg) -~
Mass of water in wet air (kg)

Molecular weight of air (kg/kgmole)
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CHAPTER 3 NOMENCTATURE (Continued)

Molecular weight of chemical (kg/kgmole)

Mass of water liquid in the final mixture (kg)

Mass of water ice in the final mixture (kg)

Mass of water vapor in the final mixture (kg)
Mclecular weight of water (kg/kgmole)

Number of chemical species present after reaction
Total nunber of moles in the vapor (kgmoles)
Partial pressure (Pa)

Partial pressure (Pa)

Atmospheric presaure (101325 Pascals)

The mass fraction of the liquid left after the flash which is
entrained into the vapor cloud

Vapor pressure (N/m?)

Vapor pressure of chemical at a given temperature (Pa)
Vapor pressure of water at a given temperature (Pa)
Heat input to (+) or extraction (-) the chemical air mixture
(kg)

Relative Humdity (%)

Initial relative humidity of the air (%)

Relative humidity of the equilibrium mixture (%)
Density of the final mixture after reaction (kg/m’)
A vector list of species names

S8olid phase

Water ice solid of hydrogen sulfide-water system
Hexahydrate solid of hydrogen sulfide-water system
Temparature (K)

Time (8)

Air Temperature (K)

Chemical temperature (K)

Final mixture (equlilibrium) temperature (K)
Temperature of NHy (K)

Temperature of NO, (K)

Saturation temperature (K)

Mole fraction of equilikrium component i

Moles of NO at equilibrium

Moles of N,0, at ecquilibrium

Initial number of moles of air

Initial number of moles of H,0

Initial number of moles of NO,

Initial number of moles of N,0,

Initial number of total moles of components

Mole fraction of water in the vapor initially

Mole fraction of water in the vapor at efuilibrium
Concentration (gmoles/%)

Yrorar® = Xno = X204

Liter

Liquid

Mean ionic activity coefficient for hydrogen bisulfate jons
Heat of reaction (J/kg)

Heat of reaction for 3.6.4 (J/kg N,0,)

Heat of reaction for 3.6.5 (J/kg NO)

Air density (kg/m3)
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CHAPTER 4 NOMENCLATURE

Angular fraction of the year

Turbidity coefficient (W/m?)

Turbidity coefficient (W/m?)

Empirical solar radiation exponent constant

Alr specific heat (J/kg~K)

First solar radiation constant (W/m?-KS)

Second solar radiation constant (W/m?)

Third solar radiation constant

Solar declination (deg)

Gravity (m/s?)

Soil heat flux (W/m?)

Greenwich mean time (24 hr decimal clock)

Sensible heat flux (W/m)

Julian date

Von Karman constant

Net incoming solar radiation at ground level (W/m?)
Incoming solar radiation at ground level (W/m)
Monin=Obukov length (m)

Latitude (degy)

Longitude (deqg)

Time of meridian passing (24 hr decimal clock)

Fraction of the sky covered by clouds

Net solar radiation (W/m?)

Saturation specific humidity

Earth's albedo .

Change in saturation specific humidity per change in air temp
Solar hour angle (deq)

Fasquill atability category (continucus scale, 0.5 to 6)
Concentration averaging time (s)

Transmittance of the cloud cover

Air temperature (K)

wWind velocity at height Z (m/s)

Wind velocity at 10 meters height (n/s)

Wind friction velocity (m/s)

Anemometer height (m)

Aerodynamic roughness length (m)

Anemometer height to aerodynamic roughness length ratio
Also Sensible heat flux empirical constant for wet/dry
conditions

Sensible heat flux empirical constant (wW/m)

Ratio of air specific heat/latent heat of water vaporization
Air density (kg/md)

Angular fractiocn of the year

Also Stefan-Boltzmann constant (W/me=K*)

Horizontal standard deviation of a Gaussian distribution (m)
Vertical standard deviation of a Gaussian distribution (m)
Standard deviation of the wind direction (deg)

Solar elevation angle (deq)
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CHAPTER S NOMENCIATURE

Plume horizontal dispersion factor

Plume vertical dispersion factor

Cloud drag coefficient

Initial kox cloud concentration (kg/my)

Maximum concentration within the plume at X (kg/m )
Chemical concentration of cloud at transition (kg/mg)
Chemical concentration of cloud at position X (kg/my)
Frontal drag force on the cloud (ky m/s?)

Fraction of mean horizontal momentum of entrained air
Ground friction force on cloud (kg m/s?)

Gravity (m/s?)

Heat transfer coefficient for ground to plume (J/K m?)
Box cloud height (m)

Initial box cloud height (m)

Height of plume source (m)

Turbulence length scale reference (m)

Height dimension of cloud at transition (m)

Height dimension of cloud at position X (m)

Froude number

Ambient air turbulent eddy size (m)

Mass in the cloud (kg)

Mass of air in the cloud (kqg)

Mass rate of entrainment of air per unit distance (kg/m s)
Edge air entrainment rate for plume (kg/m s)

Mass flow rate of air at the source for the plume (kg/s)
Top air entrainment rate for plume (kg/m s)

Mass of chemical in the cloud (kg)

Initial mass flow rate of chemical in the plume (kg/s)
Initial mass flow rate in plume (kg/s)

Air entrainment rate at the cloud edge (kg/s)

Alr entraimment rate at the cloud top (kg/s)

Heat flux from ground per unit distance (J/m)

Radial position in cloud (m)

Box cloud radius (m)

Initial box cloud radius (m)

Richardson number

Radial coordinate position of a point relative to a
cylindrical coordinate system at X (m)

Box cloud radius as a function of time (m)

Numeric Pasquill stability category

Plume temperature (K)

Ground Temparature (K)

Cloud translation velocity (m/s)

Edge entrainment velocity (n/s)

Radial spread veloclty (m/s)

Mean wind velocity over height H (m/s)

Wind velocity at height H (m/s)

ILogitudinal RMS turbulent velocity of the air (m/s)
Top entrainment velocity (m/s)

Translation velocity of plume at any X (n/s)

Initial translation velocity of plume (m/s)




CHAPTER 5 NOMENCIATURE (Continued)

u(z) wind velocity at height z (m/s) -

'y Wind friction velocity (m/s)

\' Volume of the box cloud (m*)

v, Source volume flow rate of the plume (m’/s)

\/ Initial box cloud volume (m®) '

W Width of plume source (m)

Wy Radial dimension of cloud at transition (m)

Wy Radial dimension of cloud at position X (m)

X Cloud position relative to intial pouition (m)

z Vertical position in cloud (m) :

z, Vertical coordinate position of a point relative to a -3
cylindrical coordinate system at X (m) ha

a Edge mixing coefficient :

- First top mixing cosfficient

ﬂ,. Second top mixing coefficient

A Fractional density deviation (p,/s, =1)

] Angle from source cloud to poaig:ion (X,Zp 1 2)

Pa Alr density (kg/m’)

Pe Cloud density (kg/m)

Py Initial dansity of plune (kg/m’)

oy Horizontal stardard deviation of a Gaussian distribution (m)

4 Vertical standard deviation of a Gaussian distribution (m)




e

T

SHAPTER 6 NOMENCLATURE

4 G Cloud drag coefficient
g t Fraction of mean horizontal momentum of entrained air
k Froude number
' Ri Richardson number
Ri, . Transition Richardson number
RH Relative humidity (%)

{ Tain Alr temperature (X)

! a Bdge nixing coefficient

- By First top mixing coefficient ;
B2 Second top mixing cosfficient '
Py Air dansity (kg/m’) .
Pe Cloud density (kg/m*)
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APPENDIX B NOMENCLATURE

Plume horizontal dispersion factor
Plume vertical dispersion factor

Plume vertical dispersion factor

Maximm concentration within the plume at X (kg/=*)

Vapor mass flux through the plume elemental vapor source
(kg/®) ’
Function used to replace the Bsssel functicn

Function used to replace the Bessel function

Height dimension of cloud or plume window at transition (m)
Modified Bessel function of the first kind and zeroth order
Point at which the effects of the volume scurce are measured
Point at which the infinitesimal volume source is located
Dimensionless radial position of the elemental source (m)
Radial coordinate of a point (m)

Dimensionless radial coordinate position of an cbservation
point relative to a cylindrical coordinate system (m)

Radial coordinate of the infinitesimal source volume (m)
Radial dimension of cloud at transition (m)

Dimensionless Y direction dispersion coefficient
Dimn?i?nlul 2 direction dispersion coefficient

Time (m

wind velocity (m/s)

Cloud tranalation velocity (n/as)

width of pluma at transition (m)

Downwind coordinate of point (m)

Downwind coordinate of cloud center (m)

Downwind coordinate of glumo observation point (m)

Downwind coordinate of infinitesimal volume source (m)

Cloud or plume window position relative to initial source
position (m)

Horizontal coordinate of point (m)

Horizontal coordinate of cloud center (m)

Horizontal coordinate of plume observation point (m)
Horizontal coordinate of infinitesimal volume source (m)
Vertical coordinate of point (m)

Vertical coordinate of cloud center (m)

Vertical coordinate of Tlumo observation point (m)

Vertical coordinate of infinitesimal volume source (m)
Dimensionless vertical coordinate position of the point at
which the concentration is to be calculated

Dimensionless Z coordinate of elemental asource

Dimensionless Y coordinate of observation point

Dimensionless Y coordinate of elemental source

Angle between the r vector and the downwind axis X (deq)
Downwind standard deviation of a Gausaian distribution (m)
Horizontal standard deviation of a Gaussian distribution (m)
Vertical standard deviation of a Gaussian distribution (m)
Angle between the r, vector and the downwind axis X (deg)
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CHEMICAL PROPERTY DATA BASE

.l INTRODUCTION

Numerous physical, thermodynamic, thermochemical, <transport,
toxicity, and other properties are needed to model the source and
dispersion characteristics for each of the chemicals studied in
this project. To meet these needs, a chemical property data base
was created which provides a standard format for storing and
accessing the necessary chemical property information. (The
programs that access the data are included in the following
discussion.) With this data base, only one set of data and
equations is used tc calculate a given property in all models,
making the calculations consistent.

Several thermo-physical properties for over 1000 chemicals are
avallable in computer files, as a part of the Coast Guard's
Hazard Assessment Computer System (HACS). The HACS files for the
six chemicals studied for this project were used as a basis for
the needad data base. The HACS property data base, however, was
not directly transferable to this project for several reasons,
inecluding: 1) the property retrieval and calculation programs
had to be rewritten to interface with the source and dispersion
modules and to run ‘on microcomputers, 2) additional properties
had to be added to the data base and the HACS format was not
flexible enough to easily allow these changes, 3) some properties
in the HACS data base needed to be updated and/or corrected, and
4) comment fields were needed in the data base to make it easier
to use and to facilitate future enhancements.

Therefora, the chemical property data base was created taking
advantage of the data in HACS, while addressing the four points
ibove, making it useful for the source and dispersion models. The
new data base consists of a set of six chemical property data
files. These reside outside of the compiled program to permit
paramaters to be changed. A set of programs for retrieving and
calculating the properties is also included in one FORTRAN
library module, which is compiled as a part of the program. These
features are described in more detail in the following sections.

A.2 DATA BASE FILE FORMAT

The chenmical property parameters are stored outside of the
thermodynamic, source, and dispersion programs in ASCII format
data files. Each chemical has its own file, named according to
its HACS three letter code (e.g., chlorine has the HACS code
'CLX' so its property file is CLXPROP.DAT). The file for each
chemical was made by converting the data in the existing HACS
data files into the new format. Then, saveral functions were
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added, several others were changed, and missing or incorrect data
were added or changed. New parameters were obtained from the
literature.

The format of the new data base files is shown in Table A.2.1,
which has the tirast 26 lines of the chlorine data file. (The
complete data base files for all six chemicals are included as
Tables A.6.1 to A.6.6.) The first three lines of each data file
contain header information including the name of thes file and
what version of the data base retrieval and calculation programs
is required to use the data. The four numbers in the first row
are the property number (-1 denotes header information), the
nunber of parameters for the property (0), the numbar of comment
lines for the property (3) and what type of data the parameters
are (0; O=numeric, lw=character). The properties are organized in
groups of rows following the three header lines., Each property
has values for the four numbers descrihed above followed by the
name of the property. Refarences and information are in the next
row(s), and the paramater(s) is(are) in the next row(s) with a
maximum of 5 parameters per row.

To enhance performance, the data are accessed on the disk only
once. During program execution, the data in a given chemical's
data base file are loaded into a RAM array the first time a
property for that chemical is needed. If any other properties for
the chemical are called for, the needed data are quickly accessed
in the RAM array, speeding up the calculations. The ram array
format is similar to the data base format, as Table A.2.2 shows.
In the array shown, the number in the first column denotes what
chemical the information in the row is for. The number is a
pointer for a character array where the actual chemical names are
stored. The number in the second column is the property number.
The number of parameters for the property is in the third column
and the parameter(s) follow in the next column(s).

The data base files described above require more disk storage
space than the HACS files they are based on since they have
additional properties and extenaive comments. The HACS data base
file for chlorine requires 1320 bytes of storage space, while the
new data base file requires 4467 bytes for the same properties as
are in HACS or 5349 bytes with the added properties. The new data
base files take up much lesa space 1f the comments are removed., A
program was written to remove the comments, since only a "master
set" of the files needs to have this information. These condensed
files require only half the space that the files with the
comments raquire.

The improvements in the data base format shown in Table A.2.1
over the HACS format include: 1) each property can be changed
without affecting other properties, 2) comments are included, 3)
values of the parameters, descriptions of the properties,
references for the information, and commants can be changed
without making modifications to any other files, properties, or




TABLE A.2.1 Chlorine Property Data Base Disk File

-1 0 3 0 CLXPROP,.DAT
VERSION 2.11
1 b 2 0 MOLECULAR WEIGHT (XMWT) kg/kgmole
REF: HACS
70.910
2 1 2 0 CRITICAL POINT TEMPERATURE (TCRI) K
‘REF: HACS
417.00
3 1l 2 0 CRITICAL POINT PRESSURE (PCRI) N/m2
REF: HACS o
«77040E+07 .
4 1l 2 0 NORMAL BOILING POINT (XNBP) K
‘REF: HACS
239.10
5 L 2 0 NORMAL FREEZING POINT (XNFP) K
REF: HACS )
172.00 )
6 8 2 0 ' VAPOR HEAT CAPACITY (CPV) PARAMETERS J/kg K "
REF: Reid, Prausnitz, and Sherwood. .
379.80 «47720 -5,45360E=04 2.1820E-07 600,00
172.00 0.0000 0.0000
7 8 2 0 LIQ HEAT CAPACITY (CPL) PARAMETERS J/kg K
REF: YAWS,C.L.,"PHYSICAL PROPERTIES" ,MCGRAW~HILL,NY,P.220. . -
-583.49 19.762 -8,5285E=-02 1.2117E-04 353.16 A
172.16 946.22 239.10 '

LR N L2 LI LI ] LR S
LI 2N LN A LI ] LI N ] L

L ] LN LI N ] L3 ] 0 0

TABLE A.2.2 Chlorine Property RAM Array

L] L3 . LI I )

1.0 1.0 1.0 70.910 0.0 0.0 0.0 see
1.0 2.0 1.0 417.00 0.0 0.0 0.0 PN {
1.0 3.0 1.0 7.7040E+07 0.0 0.0 0.0 TN
1.0 4.0 1.0 239.10 0.0 0.0 0.0 veo
1.0 5.0 1.0 172.00 0.0 0.0 0.0 -
1.0 6.0 8.0 379.80 0.47720 =5.4560E=~04 2.1820E~07 ...
1-0 7.0 8.0 =-553.49 19-762 -8-5285E-02 102117E-04 )




programs, 4) error checking has been added, and 5) program
performance is enhanced by loading the chemical property data
into the RAM.

A3 DATA BASE PROPERTY RETRIEVAL / CALCULATION PROGRAMS

The second part of the property data base is the set of programs
in the data base library module which access the rhemical
property parameters stored in the RAM array. Thesae prograns
retrieve or calculate the properties reguested using the
parameters in the axray. The property programs are written as
FORTRAN functions and subroutines, named according to the various
chemical properties. A list of the property programs in tha data
base is shown in Table A.3.1. -

The properties which are retrieved or calculated by functions can
be used directly in FORTRAN codes, like any othear FORTRAN
function. For example, if the number of kgmoles of chlorine is
known (xmolclx) and the mass of chlorine is desired (xmasclx),
the molecular weight Iunction ( xmwt(chemical) ) would be used as
follovws!

xmasclx = xmolelx % xmwt('clx!') A. 3.1

Similarly, the subroutines that retrieve properties which are
character strings (such as chenical shipping state) are used as
any other FORTRAN subroutines would be used; the chemical name is
the input parameter, and the character string is the output
parameter.

The properties are either dependent or independent of temperature
(or, in one case, prassure). Table A.3,2 has a list of the
squations used for those properties which have a temperature (or
pressure) dependence. These properties are the functions in Table
A.3.1 tnat have two arguments ('XXX! and either temperature or
pressure). If the property is independent of temperature and
pressure, its value is simply retrieved from the RAM array.

A.d CHECKING DATA RBASE FOR CORRECTNESS AND ACCURACY

The integrity and correctness of the data and programs in the
data base were checked using a program that calculates all of the
property values for a chemical at a specified temperature. An
example output from this program, for chlorine at 239.1 K, |is
shown if Table A.4.1. The independant properties were quickly
checked for accuracy. The values of properties that are functions
of temperature or pressure were calculated at various tempera-
tures in the range expected for the dispersion analysis and
checked with data from the literature. Figure A.4.1 shows the
comparison, using the same equation, of the HACS parameters and

these in the new data base with measured liquid heat capacity
data for chlorine. As the figure shows, the HACS data were




TABLE A.3.1 Propaerty Retrieval Functions and Subroutines
FUNCTION PARAMETERS DESCRIPTION UNITS
NAME
ADFLT (1XXX') M Adiabatic Flame Temperature K
AFRT (' XXX') Alr/Fuel Ratio -
BBEP (' XXX') Black Body Emissive Power kW/m2 %
BRAT (' XXX') Burn Rate m/8
CPV ('XXX',TEMP) Specific Heat of Sat Vapor J/kg K
CPL ('XXX',TEMP) Specific Heat of Sat Ligq J/kg K
DHC ('XXX') Enthalpy of Combustion J/kg
: DHDC (' XXX') Enthalpy of Decomposition J/Rkyg
: DHF ('XXX!) Enthalpy of Fusion J/kg -
- DHPY ('XXX") Enthalpy of Polymerization J/kg
' DHS (*XXX') Enthalpy of Solution J/kg
; DHWR ('XXX!') Enthalpy of Reaction with H,0 J/kg
| FLTM ('XXX') Flame Temperature K
HLIQS ( 'XXX',TEMP) Saturated Liquid Enthalpy J/kg
HVAPS ('XXX',TEMP) Saturated Vapor Enthalpy J/kg
PCRI ('XXX') Critical Prassure N/m2
PSAT ('XXX',TEMP) Saturated Vapor Presasure N/m2
RGLQ (' XXX') Liquid Regression Rate n/s
RHOL ('XXX',TEMP) Liquid Density kg/m3
RHOV (' XXX', TEMP) Vapor Density kg/m3
SOL (' XXX', TEMP) Solubility kg/100 kg
p STEN ('XXX', TEMP) surface Tension N/m
’ TCRI (' XXX") Critical Temperature K
TOX1 ('XXX') Toxic Inhalation Limit TLV Ppm
TOX2 (' XXX') Toxic Short Term Inhal Limit ppnm
TOX3 ('XXX') Toxic Short Term Inhal Time 8
TOX4 ("XXX') Lower Toxicity Limit Ingest kg/kg
TOXS (*XXX') Upper ToxicITY Limit Ingest kg/kg
TSAT ('XXX',PRESSURE) Saturated Vapor Temperature K
UPFLM ('XXX') Upper Flammability Limit %
XITEN (' XXX') Interfacial Surface Tension N/m
XKL ('XXX',TEMP) Liquid Thermal Conductivity W/m K
XKV ('XXX',TEMP) Vapor Thermal Conductivity W/m K
XLAMDA (' XXX, TEMP) Enth of Vvaporization J/ Ky
XLOFLM ('XXX') Lower Flammability Limit %
XMFRC ('XXX") Limiting vValue Molec. Fn. Conc. =
XMRAT ('XXX'") Molar Ratio of Reacts/Prods -
XMUL ('XXX',TEMP) Liquid Viscosity Ns/m2
XMUV ('XXX',TEMP) Vapor Viscosity Ns/m2
XMWT ('XXX!') Molecular Weight -
XNBP ('XXX") Normal Boiling Point K L
XNFP ('XXX") Normal Freezing Point K
SUBROUTINE (INPUT, OUTPUT ) DESCRIPTION UNITS
SHIP ('XXX',SHIPPING STATE) Shipping State characters
TOX6 ('XXX',LATE TOX LEVEL) Late Toxicity Level characters q

** 1XXX' = HACS three letter chemical code
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B
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TABLE A.

CPL =
CPV =
HLIQS =

HVAPS =

PSAT =
RHOL =

RHOV =
SOL =
STEN =
TSAT =
XKL =
XKV =
XLAMDA=
XMUL =
XMUV =

3.2 Equations Used in Functions Which Are Dependent on
Temperature or Pressure

A + B#T + C*12 + DwT3 ' !

A + B*? + C*T2 4 DwT3

HREF + A% (T~-TREF) +Bw(T2=-TREF2)/2 + C#(T3=TREF3)/3 +
D* (T4-TREF4) /4

HREF + A*(T-TREF) +B#(T2-TREF2)/2 + C¥(T3-TREF3)/3 +
D* (T4=-TREF4) /4

10.0(A = (B/(C + T)) + D*T + E#T2 )

A + BT + Cwp2

(10.0( A = (B/(T+C)) + D*T + E+T2 ) , (R 1)) *XMWT

A + B¥T

STENA* ( ( (TCRI~T)/ (TCRI-TREF) ) XN)

T such that P = 10.0(A=B/(T+C)+D*T+E#T2)

A + BT + Cwp2

A + BAT + C*T2 4 pwpd

XLAMDAREF * (((TCRI-T)/(TCRI-TREF))XN)

EXP( A + B/T + C#T 4+ D#12 )

A + B*T + C#T2




TABLE A.4.1 Sample Output From Property Data Base
Checking Program

CHEM= CLX TEMP= 239.10 DEG K

Properties With Temperature or Pressure Dependence

CPV 18 : 465.69 J/kg K
CPL IS t 952.24 J/kg K
HLIQS I8 : -3235%7. J/kg K
HVAPS IS8 0.285281E+06 J/kg K
RHOL IS ! 1548.5 kg/m3
RHOV IS ! 3.6195 kg/m3

XKL IS ! 0.16586 W/m K
XKV 18 : 0.75929E~02 W/m K
XMUL IS H 0.49598E~03 N s/m2
MUV IS H 0.10936E~04 N s/m2
SOL I8 $ 0.9%604 kg/100 kg
XLAMDA IS : 0.29139E+06 J/kg
STEN IS s 0.24601E~01 N/m

PSAT IS : 0.10147E+06 N/m2

TSAT AT 0.10147E+06 N/m2 IS : 238.39 K

Temperature and Pressure Independent Properties

XMWT I8« 70.910 ,
XNBP IS H 239.10 K
XNFP IS H 172.00 K
TCRI IS : 417,00 K
PCRI IS H 0.77040E+07 N/m2
DHF IS ! 90330, J/kg
DHC IS t 0.00000E+00 J/ky
DHDC IS ! 0.00000E+00 J/kg
DHS IS H 0.00000E+00 J/Kkg
DHWR IS : 0,00000E+00 J/kg
DHPY IS H 0.00000E+00 J/kg
XITEN IS 0.00000E+00 N/m
XLOFLM IS : 0.00000E+00 %
UPFIM IS 0.00000E+00 %
BRAT 1S : 0.00000E+00 m/8
TOX1 Is : 1.0000 ppn
TOX2 IS8 H 3.0000 ppm
TOX3 1Is H 300.00 s
TOX4 IS H 0.00000E+00 kg/kg
TOX5 IS H 0.00000E+00 kg/kg
TOX6 IS H

XMRAT IS 0.00000E+00

AFRT IS H 0.00000E+0Q0

ADFLT IS : 0.00000E+00 DEG K
FLTM IS H 0.00000E+00 DEG K
XMFRC IS : 0.00000E+00

SHIP IS H L
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erroneous. If no data were available, the computed values were
checked for consistency and correct trends.

A.D QIHER_DATA BASE PROGRAMS

Besides the programs (described above) for: 1) converting the
data from the HACS format into the new data base format, ii)
loading the data into the RAM, iii) condensing the data base
files by removing comment lines, iv) retrieving or calculating
the property values, and v) checking the data base for errors,
other programs in the property FORTRAN library module include:
vi) a program that resets the RAM array elements that hold the
data to zero, and vii) a program that writes the RAM array data
into a file for debugging purposas.

A.6 SHEMICAL DATA BASE FILES

The data base files for all of the six chemicals are included as
Tables A.6.1 (Ammonia) to A.6.6 (Sulfur Dioxide). The majority
of the data was obtained from the HACS data files, as the
refersnces show. Other data were obtained from the literature
listad and frou consultations with Dr. Bob Reid of MIT.

A.l CONCLUSIONS

A chemical property data base has baen developed which uses the
vast amount of information available in the HACS data base but
has an improved format that allows for easier parameter and
property changes and in-file documentation. In addition, property
retrieval and/or calculation programs that can interface with the
microcomputer models have been created and property parameters
and equations have been added, updated, changed, and/or corracted
as required. The new chemical property data base provides a
useful and versatile method for storing and using the chemical
properties.




TABLE A.6.1 Ammonia Property Data Base Tile

R -1 0 3 o0 AMAPROP, DAT ‘
i VERSION 2.11
U G AN S5 ED 0 G0 U G5 P WD S5 WIS TR 0T T S5 S G e s e S S R0 A R S A S
. 1 1 2 o0 MOLECULAR WEIGHT (XMWT)
REF: HACS
17.030
i 2 1 2 0 CRITICAL POINT TEMPERATURE (TCRI) K
» REF: HACS
. 406,00
ax 3 1 2 o0 CRITICAL POINT PRESSURE (PCRI) N/m2
REF: HACS
.11270E+08
n 4 1 2 0 NORMAL BOILING POINT (XNBP) K
! REF: HACS
. 239.80
5 1 2 0 NORMAL FREEZING POINT (XNFP) K
, REF: HACS
195,50
- & 8 2 0 VAPOR HEAT CAPACITY (CPV) PARAMETERS J/kg K
- REF: HACS
1602.9 1.4014 1.0080E=-03 6.8837E=07 600.0
250,00 0.0000 0.0000
7 8 2 0 LIQ HEAT CAPACITY (CPL) PARAMETERS J/kg K
REF:YAWS,C.L.,"PHYSICAL PROPERTIES",MCGRAW-HILL,NY,P.221.
~8051,2 130.21 -.46432 5.7610E=04 373.16
195,76 4396.1 239.73
8 7 2 0 LIQUID DENSITY (RHOL) PARAMETERS kg/m3
REF: HACS
~5.8851 6.1299 ~.13600E=01 253.16 195, 1
682,00 239.76
10 7 2 0 VAPOR PRESSURE (PSAT) PARAMETERS N/m2
REF: REID, PRAUSNITZ,SHERWOOD,"THE PROPERTIES...", P.633.
9.4854 926.13 -32,980 0.0000 0.000
300.00 179.00
11 2 2 0 ENTHALPY OF SATURATED LIQUID (HLIQS) J/Kg
REF: BASIS
.00000 273.16
12 2 2 0 ENTHALPY OF SATURATED VAPOR (HVAPS) J/kg
REF: BASIS + XLAMDA
1.2574E+06 273.16
13 6 2 0 ENTHALPY OF VAPORIZATION (XLAMDA) J/kqg
REF: HACS
406.00 239.80 .13691E+07 .38000 406,0
195,50
14 6 2 0 SOLUBILITY (SOL) PARAMETERS kg/100 kg
REF: HACS
.00000 _ .00000 .00000 .00000 . 0000
.00000
15 1 2 0 ENTHALPY OF FUSION (DHF) J/kg

REF: PERRY, P. 3-11l1.
3.3239E+05




TABLE A.6.1 (Cont.) Ammonia Property Data Base File

" 16 1 2 0 ENTHALPY OF COMBUSTION (DHC) J/kg
: REF: HACS
; -,18589E+08 :
i 17 1 2 0 ENTHALPY OF DECOMPOSITION (DHDC) J/kg ]
‘ REF: HACS
‘ . 00000 :
4 18 1 2 0 ENTHALPY OF SOLUTION (DHS) J/kg
( REF: HACS
! -.56500E+06
| 19 1 2 0 ENTHALPY OF REACTION WITH WATER (DHWR) J/kg¢
! REF: HACS
. 00000
: 20 1 2 0 ENTHALPY OF POLYMERIZATION (DHPY) J/kg
¥ REF: HACS
! .00000
_ 1000 7 2 © LIQ THERMAL COND (XKL) PARAMETERS W/m K
: REF: YAWS, P.225.
1.0675 -1.5758E=03 =1,2280E=06 1673.2 273.1
2,6372E-02 298,16
102 8 2 O VAP THERMAL COND (XKV) PARAMETERS W/m K
REF: YAWS, P.208.
3.8074E-04 5.3848E~05% 1.225%E~07 -3.6317E=-11 1673.
273.16 2.6372E=02 298.16
Jd0o3. 8 2 O LIQ VISCOSITY (XMUL) PARAMETERS N s/m2
REF: YAWS, P.213.
-26,690 2018.0 6.1732E-02 -8.3169E=05 405.5
195,42 .13543E=-03 298.16
06 7 2 © VAP VISCOSITY (XMUV) PARAMETERS N s/m2
REF: YAWS, P.211.
-9,3720E=07 318.990E-09 -44,050E-13 1473.2 73,16
1.0300E-05 298,16
105 8 2 0 SURFACE TENSION (STEN) N/m
REF: YAWS, P.219.
.03667 405.56 228,16 1.1548 405.5
195.42 .00000 .00000
106 2 2 0 INTERFACIAL SURFACE TENSION (XITEN) N/m
REF: HACS
5 .00000 .00000
107 1 2 1 SHIPPING STATE CODE
REF: HACS
L
200 1 2 O LOWER FLAMMABILITY LIMIT (XLOFLM) %
REF: HACS
15,500
202 1 2 O UPPER FLAMMABILITY LIMIT (UPFIM) %
REF: HACS
27.000
20 1 2 0 BURN RATE (BRAT) m/s _
REF: HACS :
.16667E-04

A-11
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TABLE A.6.1 (Cont.) Ammonia Property Data Base File

1l 2
REF:
. 00000
1 2
REF!
.87500
1 p ]
REF:
6.0500
1 2
REF:
. 00000
1 2
REF:
25.000
1l 2
REF:
50.000
1 2
REF:
300.00
h 2
REF:
.00000
1l 2
REF!:
. 00000
1 2
REF:

1 2
REF:
. 00000

0
HACS

HACS
HACS
HACS
HACS
0
HACS
HACS
HACS
HACS
HACS

HACS

ADIABATIC FLAME TEMPERATURE (ADFT) K

MOLAR RATIO REACTANTS/PRODUCTS (MRAT)

AIR FUEL RATIO (AFRT)

FLAME TEMPERATURE (FLTM) K

TOXIC INHALATION LIMIT/TLV (TOX1) ppm

SHORT TERM INHALATION LIMIT (TOX2) ppm
SHORT TERM INHALATION TIME LIMIT (TOX3) s
LOWER TOXICITY INGESTION LIMIT (TOX4) kg/kg
UPPER TOXICITY INGESTION LIMIT (TOXS) kg/kg
LATE TOXICITY LEVEL (TOX6)

LIMITING VALUE OF MOLECULAR FN CONC (XMFRC)

A-12 |
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TABLE A.6.2

Chlorine Property Data Base File

CLXPROP.DAT
VERSION 2.11

T N W R S S S G M G TR W PSS R S N S B D T R G D G Gr S0 AR I R Ven P GID SU W

1

10

11

12

13

14

MOLECULAR WEIGHT (XMWT)

CRITICAL POINT TEMPERATURE (TCRI) K

CRITICAL POINT PRESSURE (PCRI) N/m2

NORMAL BOILING POINT (XNBP) K

NORMAL FREEZING POINT (XNJP) K

VAPOR HEAT CAPACITY (CPV) PARAMETERS J/kg K
+47720 ~5,4560E~04

0.0000 0.0000
LIQ HEAT CAPACITY (CPL) PARAMETERS J/kg K

2.1820E=-07

REF: YAWS,C.L.,"PHYSICAL PROPERTIES",MCGRAW~HILL, 6 NY,P.220,

0 3 0
1 2 0
REF: HACS
70.910
1 2 0
REF: HACS
417.00
1 2 0
REF: HACS
«77040E-+07
1 2 0
REF: HACS
239.10
1 2 0
REF: HACS
172.00
8 2 0
REF: REID
379.80
172.00
8 2 0
-553.49
172.16
7 2 0
REF: HACS
2170.2
1424.0
7 2 0
REF: REID
13.041
317.00
2 2 0
REF: BASIS
.00000
2 2 0
REF: HACS
+268BB1E+06
6 2 Q
REF: HACS
417.16
172.16
6 3 0

19.762 -8.5285E-02 1.2117E-04
946.22 239.10

LIQUID DENSITY (RHOL) PARAMETERS kg/m3

~2.6000 . 00000 293.16
288.16

VAPOR PRESSURE (PSAT) PARAMETERS N/mz
1414.8 0.0000 =1.2060E=02
172,00

ENTHALPY OF SATURATED LIQUID (HLIQS) J/kg

273.16
ENTHALPY OF SATURATED VAPOR (HVAPS) J/kg

273.16
ENTHALPY OF VAPORIZATION (XLAMDA) J/ky
239.01

+29145E+06 «38000

SOLUBILITY (SOL) PARAMETERS kg/100 kg
REF: SCONCE,J.S.,"CHLORINE",KREIGER PUB.,HUNTINGTON,NY,1972.P.33.
REF': FLDS 1-4

5.3927

298.295

HACS FLDS 5,6

-.01569 323.16 282.717

600.0

353.1

233.1

1.34E~

417.1

«6500

USRI e




15

16

17

18

19

20

101

102

103

104

105

106

107

201

202

TABLE A.6.2 (Cont.)

Chlorine Property Data Base File
ENTHALPY OF FUSION (DHF) J/kg

P.23.

ENTHALPY OF COMBUSTION (DHC) J/kg

ENTHALPY OF DECOMPOSITION (DHDC) J/Kkg
ENTHALPY OF SOLUTION (DHS) J/kg

ENTHALPY OF REACTION WITH WATER (DHWR) J/kg

ENTHALPY OF POLYMERIZATION (DHPY) J/kg

LIQ THERMAL COND (XKL) PARAMETERS W/m K

YAWS, P.224.

-2.0209E-04
293.16 ,
VAP THERMAL COND (XKV) PARAMETERS W/m K

-6.3764E~07 408.16

YAWS, P.208.

2.4267E-05 8.7864E-09
9.2383E-03 298,16
LIQ VISCOSITY (XMUL) PARAMETERS N s/m2

-5,2300E-12

YAWS, P.212.

348.61 ~1.8579E-03
3.4000E-04 298.16
VAP VISCOSITY (XMUV) PARAMETERS N s/m2

9.3830E~07

YAWS, P.210.

YAWS, P.218.(PARS 1-6)

1 2 0
REF: SCONCE,
.90330E+05
1 2 0
REF: HACS
,00000
1l 2 0
REF: HACS
.00000
1 2 (o}
REF: HACS
.00000
1l 2 0
REF: HACS
00000
1l 2 o]
REF: HACS
.00000
7 2 0
REF'?
.25063
.13682
8 2 0
REF:
1.3598E~03
193.16
8 2 (o]
REF':
-8 . 6764
172.16
7 2 0
REF:
5.1750E-07
1.3350E~05
8 2 0
REF:
.01l682
172.16
2 2 0
REF: HACS
. 00000
1 2 1l
REF: HACS
1l 2 o]
REF: HACS
. 00000
1 2 0
REF: HACS
. 00000

4.5690E-08
298,16
SURFACE TENSION (STEN) N/m
HACS (PARS 7,8)
417.16 293.16 1.0508
.26550E~01 237.86
INTERFACIAL SURFACE TENSION (XITEN) N/m

~8.8540E~12 1473.2

.C0000
SHIPPING STATE CODE

LOWER FLAMMABILITY LIMIT (XLOFLM) %

UPPER FLAMMABILITY LIMIT (UPFLM) %

A-14

“1l72.1

1673.

417.1

73.16

417.1
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TABLLE A.6.2 (Cont.) Chlorine Property Data Base File

+00000
1 2
REF':
+ 00000
1l 2
REF:
1.0000
1 2
REF:
3.0000
1 2
REF:
300.00
1 2
REF:
. 00000
1l 2
REF:
. 00000
1 2
REF!

1l 2
REF:
.00000

0
HACS

HACS
HACS
HACS
HACS
HACS
HACS
0
HACS
HACS
HACS
HACS

HACS

Bunﬁ RATE (BRAT) m/s

ADIABATIC FLAME TEMPERATURE (ADFT) X

MOLAR RATIO REACTANTS/PRODUCTS (MRAT)

AIR FUEL RATIO (AFRT)

FLAME TEMPERATURE (FLTM) K

TOXIC INHALATION LIMIT/TLV (TOX1) ppm

SHORT TERM INHALATION LIMIT (TOX2) ppm
SHORT TERM INHALATION TIME LIMIT (TOX3) s
LOWER TOXICITY INGESTION LIMIT (TOX4) Kg/Kg
UPPER TOXICITY INGESTION LIMIT (TOX5) kg/Kg
LATE TOXICITY LEVEL (TOX6)

LIMITING VALUE OF MOLECULAR FN CONC (XMFRC)

SEK (R
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TABLE A.6.3 Hydrogen Sulfide Property Data Base File
0 3 0 HDSPROP.DAT
VERSION 2.11
1 2 0] MOLECULAR WEIGHT (XMWT)
REF: HACS
34,080
1l 2 o] CRITICAL POINT TEMPERATURE (TCRI) K
REF: HACS
373.60
1 2 0 CRITICAL POINT PRESSURE (PCRI) N/m2
REF: HACS
+90100E+07
1 ) 0 NORMAL BOILING POINT (XNBP) K
REF: HACS
212.80Q
1 2 0 NORMAL FREEZING POINT (XNFP) K
REF: HACS
190.40
8 2 0 VAPOR HEAT CAPACITY (CPV) PARAMETERS J/kg K
REF: HACS
927.52 14742 3.68%54E-04 .00000
250.00 0.0000 0.0000
8 2 0 LIQ HEAT CAPACITY (CPL) PARAMETERS J/kg K
REF: HACS
1800.,0 +00000 + 00000 00000
202,00 1800.0 212.00
7 2 0 LIQUID DENSITY (RHOL) PARAMETERS kg/m3
REF! HACS
1212.4 =1,4000 .00000 273.16
916,00 213.16
7 2 0 VAPOR PRESSURE (PSAT) PARAMETERS N/m2
REF: HACS
9.5589 970.00 +40039E=01 0.,0000
283.186 208.16
2 2 0 ENTHALPY OF SATURATED LIQUID (HLIQS) J/kg
REF: BASIS
00000 273.16
2 2 0 ENTHALPY OF SATURATED VAPOR (HVAPS) J/ky
REF: BASIS PLUS XLAMDA AT TEMP=273.16.
»45515E+06 273.16
& 2 0 ENTHALPY OF VAPORIZATION (XLAMDA) J/Kkg
REF: HACS
373.60 212.80 +54428E+06 38000
190.40
6 2 0 SOLUBILITY (SOL) PARAMETERS kg/100 kg
REF: HACS
. 00000 .00000 .00000 .00000
.00000
1 2 0 ENTHALPY OF FUSION (DHF) J/kg
REF: HACS

600.0

222.0

213.1

0.000

373.6 «

» 0000




T e u e

16

17

18

19

20

101

102

103

104

105

106

107

201

202

203

TABLE A.6.3 (Cont.) Hydrogen Sulfide Property Data Basa File

ENTHALPY OF COMBUSTION (DHC) J/kg
ENTHALPY OF DECOMPOSITION (DHDC) J/kg
ENTHALPY OF SOLUTION (DHS) J/kg
ENTHALPY OF REACTION WITH WATER (DHWR) J/kg -
ENTHALPY OF POLYMERIZATION (DHPY) J/kg ;5

LIQ THERMAL COND (XKL) PARAMETERS W/m K

REF: REID regression of data from Horvath, "Physical Properties of
Inorganic Compounds", Edward Arnold Ltd., London, 19785,

-2,0870E-03 1.8750E=-06 300.00 190.0
293.00
VAP THERMAL COND (XKV) PARAMETERS W/m K

"REF: Reid regression of data from Horvath, (see abova).

6.5200E~08 . 00000 + Q0000 450.0
» 02400 443.20
LIQ VISCOSITY (XMUL) PARAMETERS N a/m2

REF: HACS (COEFFICIENT A IS JUST THE 5th PARAMETER REPEATED)

.00000 .00000 . 00000 «51E=~
+00000 « 00000
VAP VISCOSITY (XMUV) PARAMETERS N &/m2

REFt DATA FROM: PERRY, "CHEM. ENG. HANDBOOK",P3-211.

3.5400E-08 + 00000 373.18 173.1 -
298.16 K
SURFACE TENSION (STEN) N/m

REF: HACS (CORR PARS FROM EXAMPLE DATA, ALL GIVE .3E-01)

1 2 0
REF: HACS
-,15240E+08
1 2 0
REF: HACS
.00000
1l 2 0
REF: HACS
.00000
1l 2 0
REF: HACS
. 00000
1 2 0
REF: HACS
., 00000
¥ 3 0
.59070
«14000
8 2 0
-4,8970E=03
190.00
8 2 0
-7.5811
193,16
7 2 0
1.79%8E=-06
1.1500E~05
8 2 0
.03000
212.80
2 2 0
REF: HACS
.00000
1 2 1
REF: HACS
1 2 0
REF: HACS
4,3000 .
1l 2 0
REF: HACS
4%.000
1 2 0
REF: HACS
«38333E-04

373.60 212.80 0.0000 373.6
+30000E=-01 212.00
INTERFACIAL SURFACE TENSION (XITEN) N/m

. 00000
SHIPPING STATE CODE
LOWER FLAMMABILITY LIMIT (XLOFLM) %

UPPER FLAMMABILITY LIMIT (UPFLM) %

BURN RATE (BRAT) m/s
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TABLE A.6.3 (Cont.) Hydrogen Sulfide Property Data Base File

{ 206 1 2 © ADIABATIC FLAME TEMPERATURE (ADFT) K
p‘:s REF: HACS
n 00000
i 206 1 2 0 MOLAR RATIO REACTANTS/PRODUCTS (MRAT)
. REF: HACS
3 1.2500
‘1 206 1 2 0O AIR FUEL RATIO (AFRT)
ﬂ REF: HACS
o 6.0400
o 207 1 2 o FLAME TEMPERATURE (FLTM) K
d REF: HACS

00000
3 301 1 2 0 TOXIC INHALATION LIMIT/TLV (TOX1l) ppm
- REF: HACS
3 10.000
Y | 32 1 2 0 SHORT TERM INHALATION LIMIT (TOX2) ppm
o REF: HACS

00000
" 303 1 2 0 SHORT TERM INHALATION TIME LIMIT (TOX3) s
® REF: HACS .
‘ 00000

306 1 2 0 LOWER TOXICITY INGESTION LIMIT (TOX4) kg/kg
REF: HACS

UPPER TOXICITY INGESTION LIMIT (TOXS5) kg/kg

LATE TOXICITY LEVEL (TOX6)

LIMITING VALUE OF MOLECULAR FN CONC (XMFRC)
REF:
+00000




TABLE A.6.4 Nitrogen Tetroxide Property Data Base File

=1 0 3 0 NOXPROP.DAT
VERSION 2.11
r 1l 1l 2 0 MOLECULAR WEIGHT (XMWT)
REF: CHRIS
92.020
a 1l 2 0 CRITICAL POINT TEMPERATURE (TCRI) K
REF: HACS
431.40
3 1 2 0 CRITICAL POINT PRESSURE (PCRI) N/m2
REF: HACS
.10100E+08
4 1 2 0 NORMAL BOILING POINT (XNBP) K
REF: HACS
294.00
5 1 2 0 NORMAL FREEZING POINT (XNFP) K
REF: HACS
262.00
6 8 2 0 VAPOR HEAT CAPACITY (CPV) PARAMETERS J/kg K
REF: YAWS,C.L.,"PHYSICAL PROPERTIES",MCGRAW-HILL,NY,P.198(NO; DATA).
251.61 +60058 -~3,6217E-04 7.7803E=08 1500.
298.16 400.39 298.00
7 8 2 0 LIQ HEAT CAPACITY (CPL) PARAMETERS J/kg X
REF: HACS
1038.0 1.7000 . 00000 . 00000 295.0
270.00 1836.0 293.00
8 7 2 0 LIQUID DENSITY (RHOL) PARAMETERS kg/m3
REF: HACS
2182.9 -2,5000 . 00000 313.16 273.1
1450.0 293.16
10 7 2 0 VAPOR PRESSURE (PSAT) PARAMETERS N/m2
REF: HACS
11.042 1798.5 3.6399 0.0000 0.000
373.16 234.1¢
11 2 ) 0 ENTHALPY OF SATURATED LIQUID (HLIQS) J/kg
REF:
. 00000 273.16
12 2 2 0 ENTHALPY OF SATURATED VAPOR (HVAPS) J/kg
REF:
+43788E+06 273.16
13 (4 2 0 ENTHALPY OF VAPORIZATION (XLAMDA) J/Kkg
REF: HACS
431.40 294,00 +41500E+06 .38000 431.4
262,00 '
14 6 2 0 SOLUBILTTY (SOL) PARAMETERS kg/100 kg
REF: HACS
.00000 .00000 . 00000 . 00000 . 0000
.00000
15 1 2 0 ENTHALPY OF FUSION (DHF) J/kg

REF: PERRY, ""CHEM. ENG. HANDBOOK", 5th ed., P. 3=-111,
+25206E+06




TABLE A.6.4 (Cont.) Nitrogen Tetroxide Property Data Base File

16 1 2 o0 ENTHALPY OF COMBUSTION (DHC) J/kg -
REF: HACS v
.00000 i
17 1 2 0 ENTHALPY OF DECOMPOSITION (DHDC) J/kg .o
REF: HACS ‘
.00000
18 1 2 0 ENTHALPY OF SOLUTION (DHS) J/kg
REF: HACS
=70000.
19 1 2 o0 ENTHALPY OF REACTION WITH WATER (DHWR) J/Kg
REF: HACS
.00000
20 1 2 o ENTHALPY OF POLYMERIZATION (DHPY) J/kg
REF: HACS
. 00000
100 7 2 o0 LIQ THERMAL COND (XKL) PARAMETERS W/m K
REF: YAWS, P.224 (NO2 DATA).
.21746 2,6024E-05 =1,0765E=06 415,16 262.1
.13263 293.16 .
02 8 2 O VAP THERMAL COND (XKV) PARAMETERS W/m K
REF: YAWS, P.207 (NO2 DATA).
«1.4025E-02 1.1071E=04 -3.1589E=08 4.4811E-12 1673,
298,16 1.6276E=02 298.16
103 8 2 0 LIQ VISCOSITY (XMUL) PARAMETERS N s8/m2
REF: YAWS, P.212 (NO2 DATA). .
-26.321 2147.4 6.3528E=02 -8.6439E=05 4131.1
261.96 3.9000E=-04 298.16
104 72 2 0 VAP VISCOSITY (XMUV) PARAMETERS N s/m2
REF: HACS
.00000 .00000 .00000 ,00000 . 0000
. 00000 , 00000
105 8 2 0 SURFACE TENSION (STEN) N/m
REF: YAWS, P.218 (NO2 DATA).
.02650 431.16 298.16 0.7627 431.1
261.96 . 00000 ,00000
106 2 2 0 INTERFACIAL SURFACE TENSION (XITEN) N/m
REF: HACS
.00000 . 00000
107 1 2 1 SHIPPING STATE CODE
REF: HACS
L
200 1 2 0O LOWER FLAMMABILITY LIMIT (XLOFLM) %
REF: HACS
.00000 »
202 1 2 0O UPPER FLAMMABILITY LIMIT (UPFLM) %
REF: HACS
.00000
20 1 2 o0 BURN RATE (BRAT) m/s
REF: HACS .
.00000 :
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TABLE A.6.4 (Cont.) Nitrogen Tetroxide Property Data Base File

204 l 2 0 ADIABATIC FLAME TEMPERATURE (ADFT) K
REF: HACS
. 00000
- 205 b 2 0 MOLAR RATIO REACTANTS/PRODUCTS (MRAT)
REF: HACS .
00000
206 1l 2 0 AIR FUEL RATIO (AFRT)
REF: HACS
00000
207 1 2 0 FLAME TEMPERATURE (FLTM) K
REF: HACS
.00000
ol 1l 2 0 TOXIC INHALATION LIMIT/TLV (TOXl) ppm
REF: HACS
5.0000
302 1 a2 0 SHORT TERM INHALATION LIMIT (TOX2) ppm
REF: HACS
25.000
303 1l 2 0 SHORT TERM INHALATION TIME LIMIT (TOX3) s
REF: HACS
300.00
304 1 2 0 IOWER TOXICITY INGESTION LIMIT (TOX4) kyg/kg
REF: HACS
.00000
305 l 2 0 UPPER TOXICITY INGESTION LIMIT (TOXS) kg/kg
REF: RACS :
.00000
306 1l ] 1 LATE TOXICITY LEVEL (TOXS)
REF: HACS
701 1 2 0 LIMITING VALUE OF MOLECULAR FN CONC (XMFRC)
REF: HACS
.00000

o
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TABLE A.6.5 Phosgene Property Data Base File

iﬁ -1 0 3 0 PHGPROP . DAT ’
| VERSION 2.11
] 1 1 2 0 MOLECULAR WEIGHT (XMWT) -
: REF: HACS
- 98.920
i 2 1 2 0 CRITICAL POINT TEMPERATURE (TCRI) K
x REF: HACS
v 455.00
o 3 1 2 o CRITICAL POINT PRESSURE (PCRI) N/m2
REF: HACS
«56700E+07
o 4 1 2 o0 NORMAL BOILING POINT (XNBP) K
v REF: HACS
281.40
o 5 1 2 0 NORMAL FREEZING POINT (XNFP) X
. REF: HACS
).. 147.00
B €6 8 2 O VAPOR HEAT CAPACITY (CPV) PARAMETERS J/kg K
i REF: HACS
280,20 1.3142 -.99462E=04 .00000 600,0
250,00 0,0000 0.0000
7 8 2 0 LIQ HEAT CAPACITY (CPL) PARAMETERS J/kg K
REF: HACS
1046.7 00000 .00000 00000 323.2
253,16 1046.7 293,16 '
8 7 2 o0 LIQUID DENSITY (RHOL) PARAMETERS kg/m3
1 REF: HACS
' 2112.9 =2,5000 . 00000 333.16 273.,1
1380.0 293.16
10 7 3 o0 VAPOR PRESSURE (PSAT) PARAMETERS N/m2

REF: REID,PRAUSNITZ,SHERWOOD,"THE PROPERTIES OF GASES AND LIQUIDS",
MCGRAW-HILL,NY,1977. P.632.

8.9679 941.25 -43.150 0.0000 0,000
341.00 213.00
11 2 2 0 ENTHALPY OF SATURATED LIQUID (HLIQS) J/kg

REF: GIAGUE,JONES, J.AM.CHEM.SOC.,20,120~4(1948)
PLUS REID, PRAUSNITZ, SHERWOOD

.00000 273.00
12 2 2 0 ENTHALPY OF SATURATED VAPOR (HVAPS) J/kg
REF: GIAGUE, pp.120-4 REID, PRAUSNITZ , SHERWOOD ABP.A.
2.4894E+05 273.00
13 6 2 0 ENTHALPY OF VAPORIZATION (XLAMDA) J/kg
REF: HACS
455,00 181.40 .24702E+06 .38000 455.0
147.00
14 6 2 0 SOLUBILITY (SOL) PARAMETERS kqg/100 kg
REF: HACS
.00000 .00000 .00000 .00000 .0000
.00000
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TABLE A.6.5 (Cont.) Phosgene Property Data Base File

15 1 2 0 ENTHALPY OF FUSION (DHF) J/kg
REF: HACS
‘ 58197.
1ls 1l 2 0 ENTHALPY OF COMBUSTION (DHC) J/kg
REF: HACS
.00000
17 1 2 0 ENTHALPY OF DECOMPOSITION (DHDC) J/kg
REF: HACS
. 00000
18 1l 2 ENTHALPY OF SOLUTION (DHS) J/kg
REF: MANOGUE, W.H., R.L. PIGFORD,AIChE JOURNAL, SEPT. 1960, P.498.
2.8762E+05
19 1 2 0 ENTHALPY OF REACTION WITH WATER (DHWR) J/kg
REF: lLIACS
-,24606E+07
20 1 2 0 ENTHALPY OF POLYMERIZATION (DHPY) J/kg .
REF: HACS
+00000 .
101 7 2 0 LIQ THERMAL COND (XKL) PARAMETERS W/m K
REF: HACS
.00000 .00000 ., 00000 00000 0000
.00000 .00000 :
102 8 2 0 VAP THERMAL COND (XKV) PARAMETERS W/m K
REF: .
.00000 .00000 . 00000 00000 . 0000
.00000 .00000 .00000
103 8 2 0 LIQ VISCOSITY (XMUL) PARAMETERS N s/m2
REF: HACS
.00000 « 00000 .00000 , 00000 0000 i
.00000 00000 00000 )
104 7 2 0 VAP VISCOSITY (XMUV) PARAMETERS N s/m2
REF': REID, PRAUSNITZ, SHERWOOD.
-6.0000E-07 4.,0000E-08 . 00000 400,00 280.0
105 8 3 0 SURFACE TENSION (STEN) N/m

REF: KIRK & OTHMER, "ENCYCLOPEDIA OF CHEM. TECH.", P.675. FLDS8 1-6
REF: HACS. FLDS 7,8,

.02010 455,00 289.86 1.1700 319.2
289.86 +22800E-01 273.16
106 2 2 0 INTERFACIAL SURFACE TENSION (XITEN) N/m
REF: HACS
. .00000 .00000
© 107 1 2 1 SHIPPING STATE CODE
REF: HACS
L
201 1l 2 0 LOWER FLAMMABILITY LIMIT (XLOFLM) %

REF: HACS

.00000 .

202 1l 2 0 UPPER FLAMMABILITY LIMIT (UPFLM) %

REF: HACS
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203

204

205

206

207

301

302

303

304

305

306

701

TABLE A.6.5 (Cont.) Phosgene Property Data Base File

1 2
REF:
<0000
1 2
REF:
.00000
1 2
REF:
.00000
1 2
REF:
.00000
1 2
REF:
. 00000
b 2
REF:
«10000
1l 2
REF:
1.0000
1l 2
REF:
300,00
1l 2
REF:
.00000
1 2
REF:
.00000
1 2
REF:

1 2
RETI":
. 00000

0
HACS

HACS
HACS
HACS
HACS
HAFS
HACS
HACS
HACS
HACS
HACS

HACS

BURN RATE (BRAT) m/s

ADIABATIC FLAME TEMPERATURE (ADFT) K

MOLAR RATIO REACTANTS/PRODUCTS (MRAT)

AIR FUEL RATIO (AFRT)

FLAME TEMPERATURE (FLTM) K

TOXIC INHALATION LIMIT/TLV (TOX1) ppm

SHORT TERM INHALATION LIMIT (TOX2) ppm
SHORT TERM INHALATION TIME LIMIT (TOX3) s
LOWER TOXICITY INGESTION LIMIT (TOX4) kg/kg
UPPER TOXICITY INGESTION LIMIT (TOXS) ky/kg
LATE TOXICITY LEVEL (TOX6)

LIMITING VALUE OF MOLECULAR FN CONC (XMFRC)
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TABLE A.6.6 Sulfur Dioxide Property Data Base File

-1 0 3 0 SFDPROP.DAT
VERSION 2.11
. 1 1l 2 0 MOLECULAR WEIGHT (XMWT)
 REF: HACS
64.060
2 1l 2 o} CRITICAL POINT TEMPERATURE (TCRI) K
REF: HACS
430.00
k| 1 2 0 CRITICAL POINT PRESSURE (PCRI) N/m2
REF: HACS
+78700E+07
4 1l 2 0 NORMAL BOILING POINT (XNBP) K
REF: HACS
263.20
] 1 2 0 NORMAL FREEZING POINT (¥NFP) K
REF: HACS
197.70
6 8 2 0 VAPOR HEAT CAPACITY (CPV) PARAMETERS T/kg K
REF: HACS .
420,25 2777176 -3.2679E-04 00000 600.¢C
250.00 0.0000 0.0000
7 8 2 0 LIQ HEAT CAPACITY (CPL) PARAMETERS J/kg K
REF: YAWS,C,L.,"PHYSICAL PROPERTIES",MCGRAW=-HILL,P.220.
-2402.0 43,292 -,16864 2,2i37E=04 423,1
200.46 1339.8° 263,16
8 7 2 0 LIQUID DENSITY (RHOL) PARAMETERS kg/m3
REF: HACS
2085.6 -2.4000 + 00000 303.16 223.1
1450.0 263.16
10 7 2 0 VAPOR PRESSURE (PSAT) PARAMETERS N/m2
REF: HACS
9.4072 999.90 -35,960 0.0000 0.000
293.16 195,16
11 2 2 0 ENTHALPY OF SATURATED LIQUID (HLIQS) J/kg
REF: PERRY, "CHEM. ENG. HANDBOOK", 5th ed., P. 3-202.
. 00000 273.16
12 ] e 0 ENTHALPY OF SATURATED VAPOR (HVAPS) J/kg
REF: PERRY, P. 3=202.
«38100E+06 273.16
13 6 2 o] ENTHALPY OF VAPORIZATION (XLAMDA) J/kg
REF:
430.00 261,20 «39691E+06 .38000 430.0
‘ 197.70
14 6 2 0 SOLUBILITY (SOL) PARAMETERS kg/100 kg
REF: HACS
10.000 . 00000 .00000 . 00000 10.00
293.16
15 1l 2 0 ENTHALPY OF FUSION (DHF) J/kg
REFt PERRY, P. 3-112.
.11584E+06




TABLE A.6.6 (Cont.) Sulfur Dioxide Property Data Base File

16 1l 2 0 ENTHALPY OF COMBUSTION (DHC) J/kg
REF: HACS
00000
17 1l 2 0 ENTHALPY OF DECOMPOSITION (DHDC) J/kg
] REF: HACS
. 00000
18 1 2 0 ENTHALPY OF SOLUTION (DHS) J/kg
REF: HACS
-,21B97E+06
19 1 2 0 ENTHALPY OF REACTION WITH WATER (DHWR) J/kg
REF: HACS
. 00000
20 1 2 0 ENTHALPY OF POLYMERIZATION (DHPY) J/kg
REF: HACS
.00000
101 7 2 0 LXQ THERMAL COND (XKL) PARAMETERS W/m K
REF: YAWS, P.224.
.895871 «3,2797E=-03 2.9886E-06 423.16 223.1
+ 19163 293.16 .
102 8 2 0 VAP THERMAL COND (XKV) PARAMETERS W/m K
REF: YAWS, P.208.
-8.0793E-03 6.338BE=05 =1,3807E~-08 2.3012E-12 1673.
173.16 9.6825E~03 298.16
102 8 2 0 LIQ VISCOSITY (XMUL) PARAMETERS N s/m2
REF: YAWS, P.212,
-13,.056 ' 936.46 1.4140E=02 -2.8874E-05 430.7
200.46 +26000E=03 298.16
104 7 2 0 VAP VISCOSITY (XMUV) PARAMETERS N s/m2
REF: YAWS, P.210.
=-3,7930E=07 +464085E=-07 -,72760E-11 1673.2 173.1
«.12820E~04 298,16
105 8 2 0 SURFACE TENSION (STEN) N/m
REF: YAWS,C.L.,"PHYSICAL PROPERTIES",MCGRAW-HILL,NY,P.218.
.02060 430.16 303.16 1.1768 430.7
200.46 .02641 273.16
106 2 2 0 INTERFACIAL SURFACE TENSION (XITEN) N/m
REF: HACS
00000 . 00000
107 1 2 1 SHIPPING STATE CODE
REF: HACS
L
201 1 2 0 LOWER FLAMMABILITY LIMIT (XLOFLM) %
REF: HACS
+ 00000
202 1 2 0 UPPER FLAMMABILITY LIMIT (UPFLM) %
REF: HACS
. 00000
203 1 2 0 BURN RATE (BRAT) m/s
REF: HACS
. 00000
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206

207

3ol

302

303

304

305

306

701

TABLE A.6.8 (Cont.) Sulfur Dioxide Prnperty Data Base File

1 2 0 ADIABATIC FLAME TEMPERATURE (ADFT) K
REF: HACS

00000

1 2 0 MOLAR RATIO REACTANTS/PRODUCTS (MRAT)
REF: HACS

.00000

1 2 0 AIR FUEL RATIO (AFRT)
REF: HACS

.00000

1 2 0 FLAME TEMPERATURE (FLTM) K
REF: HACS

.00000

1 2 v TOXIC INHALATION LIMIT/TLV (TOX1l) ppm
REF: HACS

5.0000

1 2 0 SHORT TERM INHALATION LIMIT (TOX2) ppm
REF: HACS

20.000

1l 2 0 SHORT TERM INHALATION TIME LIMIT (TOX3) s
REF: HACS

300.00

1 2 0 LOWER TOXICITY INGESTION LIMIT (TOX4) kg/kg
REF: HACS :

00000

.t 2 0 UPPER TOXICITY INGESTION LIMIT (TO0X5) kg/kg
REF: HACS .

.00000

1l 2 1 LATE TOXICITY LEVEL (TOX6)
REF: HACS

1l 2 0 LIMITING VALUE OF MOLECULAR FN CONC (XMFRC)
REF: HACS

.00000




APPENDIX B
VOLUME SQURCE & AREA SOURCE GAUSSIAN DISPERSION MODRELS

The passive dispersion of a chemical vapor in the post transition
regime is modeled in this Appendix. Both instantaneously released
puff type dispersion as well as continuously released plume type
dispersion are analyses.

In the derivations given below the following ASSUMPTIONS are
nmade:

1. The translational speed of the sloud is a ‘constant and is
equal to the wind speed at 10 m height.

2. The atmospheric stability'during the dispersion duration is
a constant,

3. The concentration at any point is equal to the sum of
concentration contributions from infinitesimal sources of
vaper. That is, the principle of suparposition is valid.

B.l DRISPERSION FROM A CYLINDRICAL VAPOR PUFF
B.l.l  Derxivation of the Eguationg

Consider a cylindrical vapor cloud indicated schematically in
Figure B-1. This cylindrical puff of vapor is subject tc a wind
of mean speed U. It is dasired to calculate the concentration at
any point down wind at any given time.

Let Kp, Hp, Xp be, respectively, the radius, height and the down
wind focation of the center of the cylindrical cloud with respect
to an origin located at (0,0,0). Let Cp be the uniform vapor
concentration (in density units) within the cylindrical cloud.

At a given time t the concentration at a point P(x,y,z,t) due to
an infinitesimal volume source of volume dxg dyg dzg located at
X8, ys, 28, (relative to coordinate system located at ground
lavel and the origin coinciding with the centar of the cylinder)
is given by,
2 ' 2
(x-xZUt) (y=y}
2 ] axp[~ P
g! 2 gy (X=X )

exp(-

2
2 Uy (x=x

aclxyi2,t) = Cp  —7pry 5 (X%g) WY IT og (XX ) g
Z2=2 ? z2+z g
( exp(- ( 5 |+ expl- — 257 )
2 <% (x-xs) 2 oz(x-xs)
* dz
AT O‘Z(x-xs) (B 1-)5
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The total contribution to the concentration value at P(x,y,z,t) B
can be calculated by integrating the RHS of equation B.l. The
limits of integration are as follows:

for xg: - Rp <% Xg <= Rp R\
for ya! = [Rp? - xg?2 <= yg <= [Rp? - xg? | ul
for zg! 0 <m zg4 <= Hp

We further assume that x >> xg 80 that the dispersion
coofticients, 1il.e., ~and Oy, can ‘he evaluated at the _
location of the center of the cloud, Xo, 4t any time. This cloud .
center has the coordinates (Xg,Yaos2g) a8 followa.

Xg = Hp + UL Ye= 0 Zg =0 : (B.2)
Eguation B.1 can be racast in tarms of a cylindrioal coordinate
system as follows. Let, _

Xg = rg cos ¢ !} X=X, = r cos @ (B.3a) x
y, = rg sing P Y -yy= r sine (B.3b) "

Taking into account equations B.2 & B.3 the intagral ot
eguation B.1 can be written as follows:

Cpp Ry 2 (rs+ rz- 2re cosg) do
C(r"&,z,t) -(2 . ?/2 ) oz rsdra pr[" '2 o; ]
H T -0 ¢=0
T (z=-2 f (z+z 7
Ep( exp(~ . 5 )+ exp(- " 2 )] dzg
g
=() 2 z .
8 (B|4) °

NON DIMENSIONAL PARAMETERS
We define the following non dimensicnal parameters.

¥ = r/Rp = dimensionless radial coordinate of the
observatior point relative to the <cloud
centar at time t

g = g/Rp = dimensionless radial position of the
elemental source.
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. %= z/Hp = dimensionless vertical ocnordinate of the
ol ’ point at which concentration is to be
4 _ calculated.

e (B.5)
{'ﬂ“.* kg = zg/Hp = dimensionless vertical coordinate of the
.g - , o elemantal source. .
i SY'-V 2 O/Rp= dimensionless Y direction dispersion
coefficient.

Sy - 2 9/Hp= dimensionless 2z direction dispersion
, coefficient.

~Equation B.4 in now written in a simplified form as follows.

- (. Clrp.8,5t) = Cp By By (8.6)
E#'j ’ " where, 1
B 2 q, (x2 + q?) 2 x
T — ) " —-E———-—-— -
By = =3 axp ( 3 ) Il --;%—- dg) dqg
0 vy Y (B.7)
) and 9"
\ B, » 5 (oere (<Al 4 err (Lzt (B.8)
& 2 4

g where I, is the modified Bessel function of firat kind and zeroth
S order. fhis function is defined (see Abramowitz & Stegun, 1964,
' p37€, equation 9,6.19) by the integral,
m

Ig(x) = —%r— exp{ x cos ¢ ) da¢ (B.9)
$=0
Bl.2 Behavier of Function By

2
Case 1l: when sy >> 2 rp

The ahove condition 1s satisfied when the value of the dispersion
coefficient 18 very much larger than the radius of the
"observation" poiat relative to the cloud conter.

It can than be shown that -
2 r
Io(mm—glom) ~—— 1 (B.10)
"y

Hence, equation B.7 reduces to the following.

Sl Ml s L v by Mt it Fad B M aad <
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r
By = exp(- ——B=) [1-exp(- ~33) - (B.11)
Sy Sy

For large values of sY (i.e. for SY> 3 ) the above equation can be
further reduced to

22

oxp( = )
s% (B.12)
Sy

The above equation indicates the true Gaussian profile in the y
direction. .

BY -

. 2
Case 2: When sY << 2 rp
This casa arises when the point P at which the concentration is
needed lies outside the standard deviation of the y - direction
concentration profile. 1In this case the intdgral in equation B.7
has to be evaluated numerically.

Because of the presence of terms involving exp (- x¢ ) and the Ip
function in the integrand traditional numerical integration
methods lead to round off errors resulting in completely erroneous
estination of the value of the intagral. The integrand has to be rea
written in such a fashion that it bhecomes the product of functions
whose behavior is well known under certain limiting conditions. We
write one such resolution of the integrand.

Therefore, equation B.7 is written as

1
AR
By = P flder Tp Sy fyldg Ty Sy dgg (3.1
whera,
qg=0 exp [ = (d4q = 1,)%/ 8§ )
and :
2r._q 2r o 2r_d
fo(dgr Ty Sy) = J2 1 (—E5E) exp (- —B5) 1, (=R
sg sy . sy

(B.15)

In the limit of Sy => 0 it can be shown that the f; function tends
to a delta function centered on r,. The f, function in this 1limit
tends to unity (See Abramowitz gnd Stequn, 1964). The integral

raepresented by equation B.13 tends to unity 1if rp <= 1 or tends to
zero if rp, > 1.




B.l.3 Behavioxr of Function By

Case 1: When z = 0. That is the ground level value
From equation B.8 it can be shown that
By(z = 0) = B = ert ( 1/ 8, (B.16)
It can be shown, using the above squation that
Lim BR°* = 1 (B.17)
8,=> 0 ,

Similarly from equation B.8 using the properties of arror functions
it can be shown that

2 .
Lim B,(§) = 2 eXp ( = ———me) B.18)
e e

The above eguation also indicates that at far off vertical distance
the concentration distribution profile is essentially a Gaussian.

B.2 DISPERSION FROM A FINITE CONCENTRATION CONTINUQUS SOURCE

Consider the release of a mixture of vapor and air continuously
through a "window" as shown schematically in Figure B.2. The vapor
issuing from this window is dispersed by atmospheric turbulence.
The vapor air mixtura is assumed to be of neutral density (raelative
to air). It is required to calculate the down wind concentration
distribution within the vapor plume.

A model is discussed below to ocalculate the down wind
concentrations.” In developing the model we make the following
ASSUMPTIONS .

1. There is no longitudinal dispersion.

2, The plume translational velocity is constant and is the same
at all down wind locations.

3. The principle of concentration superpositions can be used.

B.2.1 Rexivation of the Equations

Consider a Cartesian coordinate system whose origin is at the
center of the source "window" on the ground level. The axes of
coorc.nates are indicated in Figure B.2. With respect to these axes
the coordinates of a point P at which the concentration value is
desired is represented by P(Xp:Ypr2P) «

Y




We define the following parameters (see also Figure B.2).

e : Cp = Uniform concentration of vapor (in density units) at
. ' the source of vapor ("window").

Wp = Semi width of the "window" source.
Hp = Height of the "window" source.
Up = Mean translational velocity of the plume
Consider an elemental source of vapor located at the "window" and

whose coordinates are Q(0,Ys,2g4). The concentration at the point
P(Xp,Yp,2p) due to this elemantal source can be written as,

an (Yo~ ¥g) >
dcx ' 2 - !_ ex - A—L)
(pyp P) 2T U.rcy(xp)czﬁtp> p( P) 03
( _.2_7_" ~ 3 (B.19)
v axp(- ) B.19
2 2

where, dﬁ. is the vapor mass flux thru the elemental area at Q.
This elemental mass flow rate is given by

dM’ = UT CT dxs dy. (B.20)

Integrating equation B.19 over the following ranges for Ygand z
gives the concentration at the point P.

0 <= 2, <= HT and - wT <=y, <= WT (B.21)

To simplify the integration of aguation B.19 we define below the
following parameters.

ng = ys/wT ) Nm Yp/wT = Dimensionless Y coordinatas

g ™ zs/HT , L= zp/HT = Dimensionless 2 coordin?gfgz)

S, = 2 0 (% )/W ' 8, =2 0 _(x )/H ess
Y A z 2 v BiRERRATEAL:"

Using the above non dimensional parameters and integrating equation
B.19 over the range indicated in equation B.21 we show that the
concentration aquation can be represented as

C(X,i Ny &) = Cp By B, (B.23)

where !ﬂ
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i B, = -}- [ ert (=% ;J ) + erf (J-é'l;ﬂ-) ] (B.24)
,g B, = =3 [ ere ( 1 ;; ) + erf (- ;z") ] (B.25) .

It can be shown from the above equations that the maximum
concentration in the plume at any down wind position is given by
o erf(1/8

erf(1/8 (B.26)

W cmlx(xp) T Y z)

Further it can ba shown that when n>> 8, and §>> 8
the integral of equation B.19 becomes

Clry M s 8) = Cuay(xy) exp(= o /8y%) exp(- o /82 ) (B.27)

2

The above equation clearly shows the Gaussian profiles for the
distribution of concentration at lateral and vertical locations
far off from the plume canter.




APPENDIX C

COMPUTER IMPLEMENTATION OF THE MODELS

The scientific models developed in this project have bheen coded
in FORTRAN into a number of subroutines and implemented on a
computer-based dispersion analysis system. This system, titled
ADAM ("Alir Force DRispersion Assessment Model") consists of all of
the models described in the report, the chemical property data
files and other library subroutines. The overall architecture of
the model is described in Section C.1. Volume II of the report
(under separate cover) contains a detailed User's Manual for the
computer codes.

.l EROGRAM ORGANIZATION

The overall program flow is shown in Figure C.1.1. The -

individual modules libraries are discussed in Sections C.1l.1
through €.1.3. The models described in Chapters 2 through 6 and
Azpcndix A are contained in the scientific subroutine modules
libraries., Thesa are shown in the figure as the 1libraries
enclosed by the dashed line. The other programs are Input and
Qutput (I/0) lupgort programs and the overall executive progranm.
The models were implemented on the Air Force's Zenith (IBM PC/AT
compatible) microcomputers uasing the FORTRAN language for all
functions except graphical output which is implemented using the
HALO% graphics software. . . .

C.A.1  Qvarall Executive Program

The dispersion model is run on the computer by entering the name
of tha overall executive batch program (ADAM.BAT) shown in Figure
C.1.2. The program oxecution is described in Volume II, "The User
Manual for ADAM", Upon completion of all calculations, temporary
files are erased and the control of the computaer is returned back
to the operating system (DOS).

Sala2 Input and Qoutput (I1/0) Prodrams

The input proyrams are called by the overall executive program.
Thay read data from a user input file and other data files. The
output module contains subroutines which output the results
graphically on the terminal screen and in a tabular form in data
files. After the output is ocomplete, the overall executive
program ends the simulation. The contents and formats of the
various I/0 filas are discussed in more decail in volume II.

* HALO is a registered trademark of Media Cybernetics, Inc.

C-1

N ".A "

s




B OVERALL EXECUTIVE PROGRAM

t{“ ADAM. BAT )
&l lg I
%
=) USER DATA DATA GRAPHICS
o INPUT INPUT OUTPUT DISPLAY
i THROUGH  [© '+ LIBRARY LIBRARY "] orF mresurrs
i KEYBOARD
e
' ‘—------.l---.------- - e g w e &4 &, B S mE GaE RS =SS —-—‘--~‘1
- }
» ! ATMOSPHERE SOURCE DISPERSION |
'\ MODELS - MODELS !  ANALYSIS
MODULE MODULE : MODULE .

B T ==
~ T T—

'

| PROPERTY THERMODYNAMIC !

\ DATABASE MODELS |
LIBRARY MODULE |

|

' |

| | °

| SCIENTIFIC SUBROUTINES & LIBRARIES )

Lu------—---—----.-u-v-n——-—————--—-.——-——-—.—-——-»-l

FIGURE C.1.1 Air Force Dispersion Assessment Model
(ADAM) System Architecture
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€.1.3  Scgientific subroutines and Functiona

There are five scientific subroutine modules libraries, as shown
in Pigure <C.1l.1. Each module or library ocontains FORTRAN
subroutines and functions for the models developed, grouped by
function and purpose.

The five scientific model modules and libraries are:

Atmosphera Modals Module

The atmesphere module contains the programs nesded to calculate
the Pasquill stability category of the atmosphere based on the
input weather conditions (discussed in Chapter 4). Othexr output
data from this module are the wind velocity at 10 meters and wind
friction velocity.

Scurge Models Module

once the atmospheric calculations are complete, the source nodule
is called. It contains programs for calculating the source
strength, dimension, and composition (discussed in Chapter 2)
based on the user input data and atmospheric conditions.

Rispersion Analvsis Module

The source, atmospherse, and user input data are then passed to
the programs in the dispersion analysis module. It uses these
data to medel the dispersion of the chemicals in the air
(discussed in Chapter 5). Once the results are calculated, they

are passed to the output programs for graphical and tabular
output.,

Thermodynamic Models Moduls

The thermodynamic module contains the programs for calculating
the thermodynamic equilibrium conditions for the "box" (discussed
in Chapter 3). This module is not called in a set sequance, as
the above three 1libraries are, but is called by them as
thermodynamic calculations sre required.

Property Database Libraxy

The last scientific subroutine library, the property database
library, contains the subroutines that calculate various
properties of the chemicals based on the data contained in the
property database data files and input information on temperature
or pressure, if needed. It is also not called in a set sequence,
put as needad by the programs in the other four sclentific
modules. This library is discussed in detail in Appendix A.
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